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Abstract

The study explores the use of the Water Evaluation and Planning (WEAP) model to determine the water resources
available and allocate them among competitive users, comprising domestic, agricultural, industrial, and
hydropower users. The resultant optimization result shows the initial total water demand for the base year (2010)
to be 3.74 Mm?, which increases to 8.32 Mm? for the projected year 2035. The study has provided valuable insights
into optimizing available water resources, with total unmet demand estimated at 0.92 Mm? for 2010 and 2.04 Mm?
for the foreseeable year 2035. The correlation coefficient between simulated ungauged (Shonga) rainfall and
convoluted runoff (0.72) to a similar nearby basin (Jebba) with known rainfall and runoff data shows a good NSE
validation result (0.63). Beyond water allocation modelling, the study suggests strategies such as water
conservation policies, infrastructure improvements and community engagement for efficient regulation of the
basin’s water use.
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1 Introduction

The need to simulate how water resources will be affected, in the face of a changing climate,
variability and increasing demand by the growing population, calls for review. The reallocation
of resources and management has challenged decision-makers towards the development of tools
for a better understanding of the hydrologic processes that govern the generation and movement
of water [1]. Moreover, formidable freshwater management and strategies for conservation are
confronted in many parts of the globe [2]. This developmental change has dared to make water
managers reasonably allocate available water resources to meet the competing demands. Hence,
the evolution of an integrated approach that places ecosystem and water quality preservation,
water demand side with water supply side in the context of sustainable watershed management,
which represents evolving tools in solving this challenge [3,4].

Moreover, most problems associated with water resource allocation are closely related
to maintenance and investment, insufficient water infrastructure, inequities in access to their
services delivery, deteriorating raw water quality, recurrent droughts and floods driven by
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climatic variation and man-induced anthropogenic activities [5]. The outcome of climate
variability has resulted in excessive heat waves, wildfires, and flooding in some areas. Hence,
both water behavioural change and water technology innovation are required to manage the
available freshwater sustainably. Hence, the study explores the use of the Water Evaluation and
Planning (WEAP) model for water allocation in the Lower Niger River Basin (LNRB), Nigeria.

The Niger River flows, and its tributaries have been the major water supply in the North
Central hydrological area I in Nigeria. There have been several dams along its path exerting
considerable pressure on ecosystem resources, coupled with climate variability effect which
have had severe consequences on the status of the Niger River and have affected all facets of
our lives. The LNRB has witnessed that conflicts often arise between the upstream and
downstream users over resource allocation. The effect of Jebba hydropower release, incessant
water drawn for the town’s users, and the supply to meet the Shonga irrigation scheme have
caused many complaints by farmers about water shortages and increasing floods when the
authorities open the dam without prior informing people, thereby resulting in untold hardship
[6,7]. Thus, the study provides modelers with a valuable tool for effective decision support that
helps optimize water distribution systems among competitive users: domestic, agricultural,
industrial, and hydropower uses.

Recent computer science developments have allowed complex river basin modelling to
be simplified and optimization problems to be resolved quickly without going through the
rigour of simulation in resolving users’ conflicting limitations and objectives in arriving at
possible solutions to the problems. Simulation and optimization techniques have been
embedded in many computer programs, thereby assisting the limited human thinking in
resolving many of the catchment water allocation problems. Optimization models are intended
to achieve system improvement in arriving at the best solution among a series of available
solutions, in contrast to simulation models, which are best suited for enhancing and assessing
system performance[8]. The most common river basin modelling tools that are particularly
related to water allocation planning and sustainable watershed management are not limited to:
VENSIM-DSS [9], MODSIM-DSS [10,11], CALSIM [12], Waterware [13], Riverware [14],
HEC-family of models (HEC-3, HEC-5, and HEC-ResSim) [15], RIBASIM [16], and Mike
Basin [17,18]. Others are WEAP [19,20]; REALM [21], and OASIS [22].

Apart from historically dominated tools that emphasize building blocks of either the
engineering component e,g, Riverware, or natural e.g, SWAT [23,24] systems, the WEAP
model presents a robust decision support system (DSS) for catchment hydrology and socio-
economic factors to be analyzed in an interactive computer-based environment. The model
provides a comprehensive, flexible, and user-friendly framework for policy analysis and other
metaphysical aspects of water development projects to be analysed [25]. Aside from its wide
popularity, the model's ability to perform scenario analyses offers a unique tool for IWRM.
Only a few models could compare with WEAP in flexibility, either in GIS incorporation or with
hydrological and climatic model integration, while analysing different scenarios. MODSIM
rigidity in its static rules and expertise requirements limits its usage in water systems dynamics
[26]. OASIS suffers from its inability to integrate GIS and perform groundwater modelling [27].
Tools such as WaterWare, HEC-family, and RIBASIM do not address operational 24-hour
short-term optimal water allocation and water control in open channels, while some models
have evolved to meet changing water utility needs but are not built to support GIS technology.
Comparing the reliability index in MIKE BASIN shows better matches in simulation, even in
the distribution of deficits among nodes, while WEAP showed better results for optimization
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[28]. WEAP is only limited by its reliance on static assumptions to evolve scenarios without
cognizance of dynamic changes in socio-economic and climate variability [29, 30].

The WEAP model was specifically selected for LRNB, based on the optimization
problem at hand, the basin characteristics, the limited available data, flexibility, and the time
constraint for the study. The model (WEAP) is useful for quick and efficient coordination of
decision-making to balance human activities in a given catchment [31]. Unlike other models, it
can simulate and optimize benefits, enhancing equity. The WEAP model presents an integrated
approach to water management in contrast to other piecemeal tools that artificially separate soil,
land, and climate change from human intervention. Aside from the fact that the model could
assess hydrological cycles across various scales. It could predict future scenarios using both the
spatial-temporal changes information witnessed in the river basin [32-34]. The model allowed
the simulation and analysis of various water allocation scenarios and scenarios of users’
behaviour to be modelled [35]. Lang et al. [36] assessed the benefits and limitations of applying
the WEAP model for assessing and testing the water demand management scenarios in the
Steelport sub-basin of the Olifants River, South Africa. The model's main disadvantage lies in
its over-reliance on the changes in scenario creation without specifying how these scenarios
should be developed. Also, it is the deliberate placing of human interference outside the system's
architecture [37-38].

To approach the management of water resources in each geographical context, IWRM
has been advocated for systematic management of land, water, and the river basin in a
coordinated manner that considers upstream and downstream interests for sustainable
allocation, monitoring, and development of these unique resources, which promotes mutual
benefit for all [39-41]. The most widely accepted definition is: “IWRM is defined as a process
that promotes the coordinated development and management of water, land and related
resources, to maximize the resultant economic and social welfare equitably without
compromising the sustainability of vital ecosystems” [42]. Furthermore, IWNRM has evolved as:
“Equitable access to sustainable use of water resources by all stakeholders at catchment,
regional and international levels, while promoting equity, addressing poverty, generating
economic growth and creating jobs in order to sustain life” [41,43]. The river basin had been
considered as a unit, providing essential information for policymakers in an integrated manner,
and offering a modeling framework for a comprehensive social, economic, and environmental
analysis to be performed within agreed-upon limits. The coordination of human activities and
other water demand users, therefore, calls for an integrated approach to management of both
the supply and demand sides of water use, with land use. Hence, this study evaluates the use of
WEAP software for IWRM at Shonga irrigated agricultural areas to improve crop yields and
optimize the available water resources.

1.1 Study area

The study was conducted in the Edu Local Government Area of Kwara State, Nigeria, using the
Shonga District as a case study. This area is geographically located within the coordinates 9° 1'
0" North and 5° 9' 0" East of the equator. The area is inhabited predominantly by the Nupe
ethnic group, mainly smallholder farmers. The study area has two distinct seasons - wet season
(April and October) and dry season (November — March), with an average rainfall range of 50.8
mm to 2413.3 mm. The minimum and maximum average temperature ranges from 21.1°C -
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25.0 °C, and 30 °C to 35 °C. Agricultural activities are the predominant occupation of the
inhabitants [44,45].

2 Materials and methods

The literature review was carried out on the present water resource uses in the area and how
they were allocated to different users. A brief site survey and interviews with farmers and other
users were conducted on how efficient and realistic the present employed method was, and
suggestions for improvement in meeting their needs were gathered. Thereafter, ArcGIS
Software was used for the spatial basin area delineation before being imported into the WEAP
Model for Water Demand and Supply simulation analysis. The different users' water allocation
was developed based on a priority-driven rule [35]. The generated information and data about
water quantity were fed into the WEAP model, considering the study area to be an ungauged
basin. The model was run, and many scenarios were carried out using 2010 as the base year and
for a 25-year forecast period in the WEAP software.

2.1 WEAP setup

The ArcMap software was used to map out the Shonga Catchment area using the Digital
Elevation Model (DEM) satellite images of the Edu Local Government. Figure 1 depicts an
ArcMap Interface of the study area and its drainage network.
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Figure 1: An ArcMap interface showing the study area and its drainage network

2.2 Creating and modelling the study area

Study area modelling starts with physical element definition. All users and water infrastructure
elements were spatially represented to denote the demand and supply side of the system. This
was followed by defining the study period, units and hydrologic trend representation, which
were used as model inputs for setting up the study area. The model representation is as shown
in Figure 2.
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uchita Town (1)

Figure 2: Construction of the model

2.3 The WEAP model data requirement

The WEAP model data requirement comprises adequate representation in quantity of the
available water used for the different users [domestic, irrigation, hydropower and livestock],
the cultivated area, and evapotranspiration data input. This data includes firstly the water
resources and secondly, the main water users. Two rivers (Main Rivers 1 and 2) and a reservoir
were considered as the water resources available in the modeled area. The demand sites include
four towns and four farms in the catchment area. In the model, nodes were used to represent the
demand sites and the reservoir, while transmission links were used to link the various demand
sites to their supply.

2.4 Sites demand

The objective of simulation with the WEAP model is to maximize water delivered to various
demand elements and in-stream flow requirements according to their ranked priority. The
demands of the same priority are referred to as equity groups. These equity groups are indicated
in the interface with a number in parentheses (from 1, having the highest priority, and 99, the
lowest). Data Demand sites in the WEAP model were selected and edited concerning Annual
Activity Level, annual Water use, monthly variation, and water consumption rate definition for
each activity. These Data concerns.

The annual activity level determines the water demand for various users: domestic,
irrigation, or industrial purposes, to determine the level of water consumption per unit of
activity, while the monthly variation states the monthly share of the annual demand
Priority demand: Priority is given to domestic demand, which is given priority 1, and the
agricultural demand is assigned priority 2.

The monthly variation is expressed as a percentage of the yearly value. The values for
all the months must amount to 100% over the full year. Table 1 depicts the input data for
domestic demand sites for the base year 2010.
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Table 1: Input data for domestic demand sites for base year 2010

Demand Annual activity | Annual water use Monthly Rate of Priority
site level rate variation consumption
36.5 m3/person/year | days in a month
Chita Town 1310 persons 100% 1
36.5 m3/person/year | days in a month
Muchita Town 1577 persons 100% 1
36.5 m3/person/year | days in a month
Dumaji Town 1532 persons 100% 1
36.5 m3/person/year The number of
Ogudu Town 1350 persons days in a month 100% 1
Table 2: Input data for domestic demand sites for base year 2010
Demand Annual Annual water use Monthly variation Rate of | Priority
site activity level rate consum
ption
Farm 1 Jan 3%, Feb 2.8%, Mar
46 m3/Prod.Unit/year | 3.7%, Apr 5.8%, May
Dairy Cattle 190 Prod. 6.6%, Jun 8.6%, Jul
Units 13%, Aug 16%, Sept 90% 2
3500 m3/ha 14%, Oct 10.5%, Nov
Crops 9.2%, Dec 7.0%
150 ha
Farm 2 Jan 3%, Feb 2.8%, Mar
3.7%, Apr 5.8%, May
Crops 300 ha 3500 m3/ha 6.6%, Jun 8.6%, Jul
13%, Aug 16%, Sept 85% 2
14%, Oct 10.5%, Nov
9.2%, Dec 7.0%
Jan 3%, Feb 2.8%, Mar
Farm 3 3.7%, Apr 5.8%, May
6.6%, Jun 8.6%, Jul
Crops 380 ha 3500 m3/ha 13%, Aug 16%, Sept 100% 2
14%, Oct 10.5%, Nov
9.2%, Dec 7.0%
Farm 4 Jan 3%, Feb 2.8%, Mar
46 m3/Prod.Unit/year | 3.7%, Apr 5.8%, May
Dairy Cattle 212 Prod. 6.6%, Jun 8.6%, Jul
Units 13%, Aug 16%, Sept 90% 2
3500 m3/ha 14%, Oct 10.5%, Nov
Crops 9.2%, Dec 7.0%
170 ha

The irrigation area water use was based on different monthly water use as defined as below:
3% in January; 2.8% in February; 3.7% in March; 5.8% in April; 6.6% in May; 8.6% in June;
13% in July; 16% in August; 14% in September; 10.5% in October; 9.2% in November and 7%
in December (Figure 3).



SSP - JOURNAL OF CIVIL ENGINEERING Vol. 20, Issue 1, 2025

W WEAP: shonga ol@] ®

.y Data for:[Cumrent Accounts (2010) ] k% Manage Scenarios (L) Dato Expressions Report
A (T | | ) 3 "
(' wateruse Lossand Reuse ) Demand Management ) Water Quality ) cost ). Priority J Advanced )
Aot Acthty Level | Annul Wote s Rte Camumption]
s in month, lesve blsnk. All e To set branches differently, chenge 7 Help
setting in General, Basic Parameters
Tola Range: 010 100 % share
Demand Sis [2010 R |
H] Fam1 MonihA/sbsms{ Jan, 3, Feb, 28, Mar, 17, Agt, 56, My, 65, Jun. BB, Jul 13 iug 16, Sep, 14, 0t 105 Nov,92, Dee,7) Pacent _ shae |
m Table | Hotes
= MoréhlyVasaion (moniis]
| .
15.0 i
50 @
= s "
130 [ 1
120 I
1o =
100 &

=

[t

e
o
(] [@ 2

= Feo v tor My dun wa og
10 200 a0 por 20 o 0

¥
gy

WEAP: 343 | Acesi shongs | 2010-2035 (monthly) Dats Voew | License

o: Olermilekan Tamo, Unives

rsity of lorin, Nigeria, until May 6, 2015

Figure 3: Monthly variations in water demand in the Shonga Watershed

The various population data of the towns were calculated using the expression builder in the

model for populating the area population data obtained from the National Population
Commission for the 1991 census.

2.5 Water supply resources
For this model, two main rivers and a local reservoir were considered as the available water

resources in the watershed to all the demand sites. Table 3 depicts the projected monthly head
flow for the main rivers.

Table 3: Monthly head flow for main rivers

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec Sum

Main | 1079 | 1027 | 938 | 1071 | 792 | 844 | 850 | 622 | 1208 | 1463 | 1445 | 1282 | 12621
River 2

Main | 1258 | 1343 | 1466 | 1272 | 1223 | 1147 | 896 | 1126 | 1576 | 1514 | 1372 | 1195 | 15388
River 1

Sum | 2337 | 2370 | 2404 | 2343 | 2015 | 1991 | 1746 | 1748 | 2784 | 2977 | 2817 | 2477 | 28009

The rivers are labelled as Main River 1 and Main River 2, with the local reservoir labelled as
Reservoir, as shown in Figure 4. The major sources of water are the two major rivers named
Main River 1 and Main River 2.

Reservoir represents the main assumption considered for the area of water storage with
a capacity of about 0.5 Mm?3. This was represented as only one component that was schematized
in the model and named ‘RESERVOIR’.

Main Rivers: Data required by the model for the two main rivers in the area were
obtained using the meteorological data obtained from Jebba Hydropower Generating Station
for the base year 2010, considered in the model, and the projection period of 25 years considered
in the model are shown in Table 3.
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Figure 4: Available water supply resources in the model

2.6 Connecting the supply with the demand side

In configuring the WEAP, each water demand side must be satisfied by an accomplished
connecting supply side through transmission links created from the main rivers and reservoirs
(Supply Resources) to the towns and farms (Demand Sites). WEAP uses the highest preference
level in distributing water from the supply side to all the demand side, except if the lowest level
source does not have sufficient water to supply. The transmission links performed in the WEAP
model show the links between the water demand and supply sites in the Shonga Watershed, are
shown in Table 4.

Table 4: Transmission links between the water supply site and the demand site

S/N Start Point End Point Priority
1 Main River 1 Farm 1 2
2 Main River 1 Ogudu Town 1
3 Main River 1 Muchita Town 1
4 Main River 1 Farm 4 2
5 Main River 1 Farm 3 2
6 Main River 2 Farm 2 2
7 Reservoir Chita Town 3
8 Main River 2 Dumaji Town 1
9 Main River 2 Chita Town 1

Hence, there is a need for integrated water resources management in irrigated agricultural areas
to improve crop yields and optimise the use of the available water resources.
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2.7 Final construction of the model

When all the simulation steps required for the modelling with WEAP were finalized for the
base year, inputting all databases concerning area location, demand and supply, then the
objectives are formulated as follows:

The main objective of the study is to optimize water distribution systems among competitive
users: domestic, agricultural, industrial, and hydropower uses. The analysis chooses the optimal
net benefit derived from water users (Naira/m?) and minimizes water irrigation use (m®). The
decision variable, which represents the total net benefit, is denoted by TNBi, (1= 1, 2, 3, 4) for
domestic, industrial, agricultural/irrigation, and hydropower activities within the basin,
respectively.

2.7.1 Objective 1: Maximize total net benefits

MaximiseTNB; = Z NByg; + z NBypg.1,j (1)

Where Ag-agriculture, D-domestic, I-industrial,

2.7.2 Objective 2: Minimize irrigation water use

60% of water is used for agricultural purposes [45]. Hence, to minimize water use in irrigation.
Equation (2) presents it as a mathematical equation:

Minimize WUy, = Y7, (CWR; X A;) ()

where WU,,, is the total irrigation water used in m3, and CWRIi is the total annual estimated
gross crop water requirements under flood irrigation, in mm, for crop i.

Using appropriate parameters, Equations 1 and 2 were modelled in WEAP; the in-built
optimization driven by priority was used to arrive at the solutions. Figure 5 represents the final
WEAP model setup for the Shonga Catchment.

Figure 5 shows the final WEAP Model for Shonga Catchment with its various
transmission links and nodes that connect the various demand sites to the water supply resources
in the area. The domestic demand sites have a higher priority than the farms.
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Figure 5: WEAP model for Shonga Catchment

2.8 Development of scenarios

Once a model has been built, it can explore various scenarios. The standard approach for every
scenario analysis is to compare a baseline with one or more scenarios using predefined
indicators. The development of the typical scenario model consists of three steps.

The “Current Accounts” year was chosen to serve as the base year of the model. All the
data for the base year was input into this account.

The “Reference” scenario is established from the Current Accounts to simulate the likely
evolution of the system without intervention.

Finally, “what-if” scenarios were created to alter the “Reference Scenario” and evaluate
their effects.

The two scenarios developed in the simulation process for this study are listed below.
High Population Growth: This scenario was used to evaluate the impact of increasing the
population growth rate of the towns from 3.2% to 6.4% and the livestock growth rate from 5.6%
to 15.4% 1n the farms.

Managerial Policy: This scenario looks at the impact of strict water demand
management practices in both the domestic and agricultural demand sites, thereby reducing
their demand by 15%. Figure 6 depicts the WEAP Interface showing Input Scenarios Simulated.
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3 Results

The analysis of the total net benefit is represented by TNBi, (i = 1, 2, 3, 4) for domestic,
industrial, agricultural/irrigation, and hydropower activities within the basin, respectively. Each
activity was solved separately. Considering the allocation of water at different dependability
levels of 85%, 70% and 60% of the available total surface water. Most preceding water
allocations were based on priority-driven approaches among the contending different users
using different dependable flows as formulated in Error! Reference source not found.5. The
percentage of dependable flow with realistic outflow is usually considered.

Table 5: Water allocation for Gross annual yield at 70% dependability

Details Sub-total (cubic meters) Total (cubic meters)

- o —

Net annual yield at 85% dependability of 8.322.906
the total
Water requirement at outlet 1

Industrial (10%) 856,804

Domestic (20%) 1,813, 609

Irrigation (60%) 4,840, 826

0
The total of the Water'b.alance at 85% 8.322.906
dependability

The results of the crop irrigation schedule at Farms 1, 2, 3, and 4 show that Irrigation water use
that account for (60%) uses 4,840.826; Domestic (20%) needs 1,813,609; Industrial was use
which account (10%) 856,804 while regeneration for environmental and ecology (10%) usage
account 730,194 m? for equitable trade off distribution.
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Among the harvested responses, how efficient and realistic was the present employment method
in meeting the various users’ needs? And are these sources of water reliable and sufficient? The
majority response was “Yes, at present, but not sustainable in the long run due to the mainstream
being over-extracted, especially in the dry season for most communities”. Respondent 9 says:
“Main River 1 and 2 are the main sources and viable, but due to the ever-increasing demand,
alternatives like rain harvest and artificial wetland are created to combat the effects of drought”.
Participants No. 3 and 10 stated: “Most main River sources are viable except where the water
source is over-extracted. Thus, promotion of more efficiency in water use and non-wasteful use
represents modern insight in the water allocation process, which is also sustainable. To this
effect, the study evaluates the use of WEAP software for integrated water resources
management at Shonga irrigated agricultural areas to improve crop yields and optimize
available water resources.

4 Discussion

4.1 Model solution: Water resources available in the area

Using Table 6 as the data input for the base year 2010, Main River 1 and Main River 2 are the
main sources of water to the study area, supplying the area with a total head flow of 15388
m3/s and 12621m3/s respectively for the base year 2010. Hence, a total head flow of
28,009m3 /s was available for distribution.

Table 6: Total annual water demand

Demand site Annual demand (cubic metre) Annual demand (cubic metre)
Year 2010 2035
Chita Town 47,812 105,083
Dumaji Town 55,914 122,889
Farm1 534,788 236,886
Farm2 1,052,100 3,556,144
Farm3 1,332,660 3,620,244
Farm4 605,956 446,829
Muchita Town 57,574 126,537
Ogudu Town 49,273 108,294
Total 3,736,077 8,322,906

From Table 6, the WEAP model was able to simulate present and projected water demand for
the area. Agriculture, in particular farms 2 and 3, depicts the highest water use with 1,052,100
and 1,332,660 m? for the base year 2010 and likewise for the projected year 2035.

4.2 Unwater demand in the area

Table 7 depicts the total annual unmet water demand for the demand sites for the base year
(2010) and the forecast year (2035).

12
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Table 7: Total annual water demand

Demand site Annual demand (cubic metre) Annual demand (cubic metre)
Year 2010 2035
Chita Town 6,715 14,759
Dumaji Town 13,439 29,537
Farm1 132,026 58,482
Farm2 259,739 877,927
Farm3 329,002 893,752
Farm4 149,596 110,311
Muchita Town 13,838 30,414
Ogudu Town 11,843 26,029
Sum 916,199 2,041,212

While the study highlights unmet water demand (2.04 Mm?) in future projections, which can
mitigate through alternative water sources (e.g., groundwater, water recycling, desalination) to
help bridge the supply-demand gap.

Figures 7 and 8 show the graphical representations of the total annual water met and
unmet demand respectively.
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Figure 7: Total annual met demand

Figure 8 shows the total annual unmet water demand for the various users. The figure follows
the same pattern as the met demand, which implies that future water demand should be put in
place to meet the unmet water for the various users. Even though the domestic demand sites
have been assigned a higher priority than the farms.
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Figure 8: Total annual unmet demand

4.3 Effects of developed scenarios

For the simulation, three different scenarios were developed and their effects on the water
demand were evaluated as is discussed in following sub-chapters.

4.3.1 High population growth

Table 8 depicts the projected population water demand for the year 2035, while Table 9 depicts
the Total Annual Unmet Demand.

Table 8: Total annual demand due to high population growth for 2035

Demand sites Normal population growth High population growth annual
annual demand (cubic metre) demand (cubic metre)

Chita Town 105,083 472,075
Dumaji Town 122,889 552,065
Farml 236,886 243,971

Farm2 3,556,144 3,556,144

Farm3 3,620,244 3,620,244
Farm4 446,829 744,448
Muchita Town 126,537 568,457
Ogudu Town 108,294 486,499

Sum 8,322,906 10,243,904

Water Demand for Domestic can be calculated as in the following Error! Reference source

not found.:

= (Wc X N X Sg) X 365

(3)
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3
Where: Wc = water consumed per person (taken as 135 %); N = Population and an

adjusted seasonal difference in demand S; (%).

Table 9: Total Annual Unmet Demand Due to High Population Growth for 2035

Demand sites Normal population growth High population growth annual
annual demand (cubic metre) demand (cubic metre)
Chita Town 14,759 66,302

Dumaji Town 29,537 132,692

Farml 58,482 60,231

Farm?2 877,927 877,927

Farm3 893,752 893,752

Farm4 110,311 183,786
Muchita Town 30,414 136,632
Ogudu Town 26,029

116,933
Sum 2,041,212 2,468,257

Figures 9 and 10 show the graphical representations of the projected population's annual water
demand and unmet water demand for the area.

[water Demand mat including loss, reuse and Dsv) [+ (TR ~] [Cubic Meter ]
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Cubic Meter
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Figure 9: Total annual demand due to high population growth rate

Both the rise in annual water demand and unmet demand are associated with increased
population growth, while their graphic representation follows the same pattern. This implies
that policy decision makers need to make better reforms on how the projected Unmet water can

be achieved.
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Figure 10: Total annual unmet demand due to high population growth rate
4.3.2 Managerial policy

The constant total water demand represents the actual water demand of the different water
demand Sites, while the decrease in unmet demand is attributed to the adaptation policies and
management strategies, which were aimed at reducing the actual amount of water being used in
the demand sites. Table 11 depicts the total annual Unmet water demand if the suggested
managerial policy is applied.

Table 10: Total annual unmet demand due to managerial policies for 2035

Demand sites Normal annual demand Managerial policies annual
(cubic metre) demand (cubic metre)
Chita Town 14,759 12,545
Dumaji Town 29,537 25,106
Farml 58,482 49,709
Farm2 877,927 746,238
Farm3 893,752 759,690
Farm4 110,311 93,765
Muchita Town 30,414 25,852
Ogudu Town 26,029 22,125
Sum 2,041,212 1,735,030

4.3.3 Water Management strategies and adaptation policies

Beyond water allocation modeling, the paper suggests improvement in public infrastructure to
enhance public water supply, the implementation of promulgated water sector reform acts to
achieve a sustainable water supply for the LNRB, while regulating the emergence of mediating
agencies for conflict resolution among competitive users. Other valuable strategies should
include the implementation of water conservation policies, both from the demand side and the
supply side. In all, the role of community engagement and better sensitization cannot be
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overemphasized in ensuring behaviour changes towards water wastage and conscious
awareness in ensuring efficient use of the available water. Figure 14 depicts a graphical
representation of total annual unmet demand due to managerial strategy application. This
includes tariff payment on domestic users, which encourages users to be more conscious of
using water sparingly and closing the tap when not in use.

[unmet Demand [~ ([Million ] [Cubic Meter ~|)
[All Demand Sites () =] [Allmonths (12) =] ¥ Annuel Total [~ Monthly Average [No comparison

[Selected Scenarios 2/3)  +]
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Figure 11: Total annual unmet demand due to managerial policies

The managerial policy application scenario accounts for a decrease in total unmet water demand
experienced from a value of 2.04 million m3 to 1.74 million m® As seen in Table 11, while
Figure 14 shows the equivalence in graphical representations.

4.4 Simulated Water Allocation Summary to Various Users

Tables 11 and 12 below give the summary for the water allocation simulation for both the base
year 2010 and the projected year 2025. The study of the various water demand components
shows the need to treat the various demand components separately and apply appropriate
managerial policy to address the water shortfall while improving the water supply side with
intuitive initiatives management.

Table 11: Water allocation simulation summary for the project area for 2010

Inflow (cubic metre) Outflow (cubic metre)
Precipitation 2,815,101 Demand Site Actual Demand Consumption
Reservoir 4,777 Chita Town 47,812 41,097

Dumaji Town 55,914 42,475
Farml 534,788 402,761
Farm2 1,052,100 792,362
Farm3 1,332,660 1,003,658
Farm4 605,956 456,360

Muchita Town 57,574 43,736

P
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Ogudu Town

49,273

37,430

Total

2,819,878

Total

3,736,077

2,819,878

Table 12: Projected Water Allocation Simulation Summary for the Project Area For 2035

Inflow (cubic metre) Outflow (cubic metre)
Precipitation 6,271,196 Demand Site Actual Demand Consumption
Reservoir 10,498 Chita Town 105,083 90,324
Dumaji Town 122,889 93,352
Farm1 236,886 178,405
Farm?2 3,556,144 2,678,217
Farm3 3,620,244 2,726,492
Farm4 446,829 336,517
Muchita Town 126,537 96,123
Ogudu Town 108,294 82,265
Total 6,281,694 Total 8,322,906 6,281,694

The total unmet water consumption increases from 2.82 Mm? to 6.28 Mm?® for the projected
2035. Although the population projection scenarios show an increase from 2.4 Mm? to 2.47
Mm3 for water demand, while water supply in the area shows a decline from 6.27 Mm? in the
projected simulated result (2035) to 2.82 Mm?®. Hence, policymakers would benefit from these
water allocation projections to develop better policies because the projected water demand
scenarios are expected to characterize the study area. Although the model shows the actual
projected unmet water demand to be 8.32 Mm?>.The study advocates water augmentation
measures through groundwater, water recycling, or desalination water treatment, which could
help bridge the supply and demand gap. Turning all these water deficits into opportunities
would still require the use of water technology devices to minimize leakages and to manage the
allocable water resources reasonably.

4.5 WEAP Model Performance, Calibration and Validation Details

The WEAP model was well calibrated for the study area. Using the Soil Moisture Method, the
sensitivity analysis of WEAP was done by fine-tuning the soil moisture (z1 and z2) input
parameters to values that ensure that the basin simulated soil moisture levels follow a believable
trend. A very high value of zI indicates a wet period, signally soil water availability, while a
low value of z1 signifies a very dry period. Hydrological calibration of the WEAP model was
done through the collected monthly streamflow data (upstream of Jebba) for 10 years, which
were validated with a match of simulated runoff. An empirical relationship obtained from
another catchment that has precipitation and runoff data and lies in a hydro-meteorologically
similar environment was used for the catchment validation process. Since the study area
(Shonga) has no stage/discharge data for stream flow (unguaged station), a regression
relationship was established between the hydro-meteorological station that lies in similar
basins. This is given as Equation 4:
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P=R+ET+ a5 (4)
B At
Where: P = Precipitation
R = Runoff
ET = Evapotranspiration
AS

vl Change in storage over time

For a start, the precipitation and runoff data are tested by plotting precipitation and runoff
against each other as depths, and a correlation in the form of a straight line is obtained. The
mean annual runoff, R, a dependent variable, is expressed as Equation 5:

Mean Annual Runoff, R=a+b)p (5)

Where, p is the mean annual precipitation, an independent variable; “a” and “b” are empirical
constants given by Equations 6 and 7.

b=3%(R-R)(P-p)/T(P-b)2 (6)
a=R-bb (7)

This method is used for estimating mean annual runoff for completely ungauged catchments.
As shown above, the runoff and precipitation are known; we find the constants “a” and “b”, and
apply them to the ungauged catchment. The station used for this correlation analysis is Jebba
Station along the River Niger, which has both stream flow and rainfall data. The correlation
coefficient between rainfall and runoff for the River Niger at Shonga watershed is given by:

Correlation coefficient,

r =3 (PR - nPJebba R Jebba)/ [(ZP2 - nP2 Jebba)(ZR2 - nR2]eb)] (8)
Where n = number of years of record, which is 25 years
P Jebba = Annual mean Precipitation for Jebba; 1100 mm
R Jebba = Annual mean Runoff of River Niger at Jebba; 2405.5 mm
The coefficient of correlation value of 0.922 shows that there is a strong linear connection
between rainfall and runoff of the River Niger at Jebba, which can be transferred to the Shonga

Basin.

The coefficients “a” and “b” obtained are —535.4 and 0.355, respectively.
The runoff equation is given by:

RShonga =-535.4 + 0.355PShonga

The Mean Annual Rainfall figure of Jebba is adopted as 1100 mm for the project site.
R =-535.4+(0.555x 1100) = 75.1 mm
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The catchment area, as measured using ArcMap software, is 295.8 km?.
Mean Annual Runoff (Mm3) = 295.8 x 75.1 x 0.001. = 22.1Mm?

A spatially distributed correlation was plotted between rainfall and runoff as depicted in Figure
12. The result of the simulation process between the simulated rainfall and the convolution
runoff results looks ‘reasonable’ since there is no observed data from the watershed. The fitted
runoff prediction shows observed similarity obtained for both the rainfall calibration and runoff
validation for the location. The figure shows there is a good correlation between the historical
observed flow and the simulated flow, indicated by the coefficient of correlation (r*) and RMSE
0f 0.63 and 0.72, for the validation. The result indicates that the simulated WEAP experimental
data are reliable, while the validation exercises are within the 95% confidence interval. The
runoff validation for the locations could be useful to determine the quantity of water for peak
flood and surface water availability for allocation.
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Figure 12: Correlation plot between rainfall and runoff for the validation period

Using historical data for model validation, an RMSE with a value of 0.72 denotes a good
correlation result for the validation period 2010-1015, while still meeting the requirements of
the ecosystem.

5 Conclusion

Considering the extent of the uneven water allocation in the study area, the study has employed
the WEAP model to simulate and forecast projected future allocable water to different users
while ensuring the sustainability of LNRB. The study has been able to simulate current and
projected near-year water demand, evaluate optimal water allocation to different users, and
suggest measures for its effective and efficient management. The WEAP model performance
and validation were satisfactory when assessed with a similar basin that lies within a similar
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hydro-meteorological area, with a correlation value of 0.89 between rainfall and runoff during
the validation period 2010-2015. Decision makers and water resource managers would find the
study valuable in assisting water allocation planning and ensuring sustainable catchment
management. No doubt, improvement in infrastructure provision, implementation of water
conservation policies, and mass campaign through community engagement as part strategies
for effective strategies for water use will go a long way in managing the area sustainably. Future
studies for the area should harmonize the possibility to share data more freely between the
beneficial users, thereby making previously static databases dynamic. Also, future research
could explore the socioeconomic consequences of the catchments' water scarcity experience
and other associated effects.
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