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Abstract The Sokoto-Rima River basin is located in the north western part of Nigeria, which comprise of four (4) states
(i.e Sokoto, Kebbi, Katsina and Zamfara) and have population of more than 15million according to 2006 census. This makes
the rivers and streams within the basin to be very important source of fresh water to the people living in those states.
Therefore, even small decrease in runoff within the basin could have dramatic effects on the water supply of the region. This
paper assesses and evaluates the impact of climate change on water availability and investigates the sensitivity of the basin to
climate change in Sokoto-Rima river basin using the Water Evaluation and Planning (WEAP) model. This model allows the
simulation and analysis of various water allocations and scenarios. The hydrological processes that occur for the six major
rivers within the basin during 1970 to 2013 was satisfactorily model and calibrated by visual observation and compared with
the measured data. The calibration process of the model was done using the first twenty two years climatological records
(1970-1992) and validated with the remaining data (1993-2013). Simulations are proposed for various climatic situations
considering the global climatic models (GCM) predictions. Six (6) developed climate change scenarios of temperature
increase (0, +0.5, +1°C) coupled with decrease or increases in precipitation (0,-10%, +10%) were combined and applied for
the study area in the WEAP model for simulation. Then, the climatically affected runoff, evapotranspiration, and water
demand series were obtained as output of the WEAP model. Results indicate that climate change will significantly reduce the
runoff, and increase evapotranspiration and water demand in the basin, more especially the demand for irrigation. The results
indicate an annual reduction in the total available water of about 1.70 billion cubic meter and monthly water demand of 17.11
Billion Cubic Meter for the month of April (which is the driest month in the basin) for the selected sites under 10% reduction
in the actual rainfall within the basin and increase in evapotranspiration under 1°C increase in temperature, this indicate
reduction of the surface water in the future for the basin. In addition, the dependency of the basin on surface water sources
make it imperative to apply some methods of efficient use of water resources in the basin to ensure future sustainability. To
adapt to the current trend and minimize the significant impact on availability of water supply in the basin in the foreseeable
future, some proposed adaptation and mitigation measures to remedy this trend of scarcity ranges from sustainable
developments to collaborative planning among the stakeholders within the basin.
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conditions have altered water resources, their distribution in
space and time, the hydrological cycle of water bodies, water
quantity and, in more recent time, water supply systems and
requirements for water resources in the Sokoto-Rima river
basin, creating serious water shortages for household needs,
agriculture and industry.

With further significant variations in the climate of the
Sahel being predicted by General Circulation Models
(GCMs) (IPCC, 2007), it is important that scientific studies
be undertaken at regional levels so as to provide society with
accurate information on the real and potential impacts of
climate change, as well as, the mitigation and adaptation
options available. (Ekpoh and Ekpenyong, 2011).

The Sokoto-Rima River basin is located at north western

1. Introduction

Climate in a narrow sense is usually defined as the average
weather, or more rigorously, as the statistical description in
terms of the mean and variability of relevant quantities over a
period of time ranging from months to thousands or millions
of years. The classical period for averaging these variables is
30 vyears, as defined by the World Meteorological
Organization. The intergovernmental panel on climate
change (IPCC) developed the variation of the earth
temperature for the past 140 years.

As climatic variability intensifies, changes in atmospheric
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part of Nigeria and it covers four (4) states (i.e Sokoto, Kebbi,
Katsina and Zamfara) that have ninety two (92) local
government areas for administrative purpose. This makes the
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rivers and streams within the basin to be the important source
of surface water to the people living in those states.
Therefore, even small decrease in runoff within the basin
could have dramatic effects on the water supply of the
region.

To address this need, this study evaluates the impact of
climate change on available water resources in the six main
rivers of the Sokoto-Rima river basin using a decision
support system known as the Water Evaluation and Planning
(WEAP) Model. WEAP is an analytical framework
developed for the evaluation of climate change and other
drivers that water managers commonly confront (Yates et. al.,
2006). Indeed, WEAP model is one of the useful tools for the
integrated water resources management and it can be used as
a database for the forecasting and also as a policy analysis
tool, depending on the focus of the study. In this regard, the
applicability of WEAP in assessing the impact of climate
change as well as its main function of the sophisticated water
allocation model is tested in this study.

2. Statement of the Problem

According to Ringiuset, et. al. (1996) although climate
change is expected to affect many sectors of the natural and
man-made environment, water is considered to be the most
critical factor associated with climate impacts. A similar idea
is also highlighted by Houghton (1997) who stated that the
most important impact of global warming is on water
supplies which are in any case becoming increasingly critical
in many places. In the continent of Africa, the observational
records show that the climate has been warming through the
20th century at the rate of about 0.05<C per decade (IPCC,
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2001).

In contrast to the assessment of global or large scale
variations of the climate driving forces for global hydrology,
the impact of climate change on the regional hydrology is
still unknown for most regions of the world (Kim et. al.,
2006). Although climate change is a global phenomenon, the
trends and impact may be different on a local scale.

2.1. Aims and Objectives of the Study

The aim is to analyse how sensitive is the Sokoto-Rima
River basin to climatic change with regards to its water
availability by developing a Model of the basin using WEAP,
and propose some mitigation measures that can minimize the
negative impact within the basin by the principle of mass
balance of the hydrologic quantity of the whole area.

While the objectives are:

i) To analyse the present situation of Sokoto-Rima River
Basin in order to evaluate the present hydrological
condition of the entire basin.

ii) To measure water availability and demand for each
sub-basin within the entire River Basin by considering
watershed characteristics and the demographic trends.

iii) To develop water resources WEAP model for the
Sokoto-Rima river basin in order to evaluate the impact
of climate change for current and future water
availability using water balance concept.

iv) To produce a simulation of the projected water
availability and to compare the water availability with
and without the effect of climate change in the study
area and analyse the water resources trend in the part of
the basin towards 2100.

Figure 1. Sokoto-Rima River Basins in Nigeria
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2.2. Description of the Study Area

The study area is Sokoto-Rima River Basin located in the
North-Western region of Nigeria, the area is found between
latitude 10°04’ N and Longitude 3°- 8<14’ E. The area
covers a land area of approximately 131,600 km? and shares
its borders with Niger Republic to the north, and covers
Sokoto, Kebbi, Zamfara and large part of Katsina States to
the East; it also borders Niger State to the South-east, and
Benin Republic to the west. The whole basin can be
described as Sudan and Sahel Savanna, and it extends
beyond the border to Niger republic and the northern part of
Benin Republic. The basin topography consists of a vast
floodplain (fadama land) and rich alluvial soils that is
suitable for the cultivation of different variety of crops.
There are also isolated hills (inselberg) and hill ranges
scattered all over the area (Ekpoh and Ekpenyong, 2011).

2.3. Physical Features of the Study Area

The Sokoto basin falls within the hottest parts of Nigeria.
The critical zone, located above latitude 10N, belongs to
the Sahel region of Africa, an area most affected by the
droughts. Temperatures are generally extreme, with average
daily minimum of 16°C during cool months of January and
December, and in the hottest month of April to June, an
average maximum of 38°C and minimum of 24 °C.
Throughout the year the average maximum is 36°C and
average daily minimum is 21°C. Rainfall is generally low.

The average annual rainfall for 35 years is about 470mm.
Much of the rain falls between the month of may to
September, while the rainless months are October to April.
Evaporation is high ranging from 80mm in July to about
210mm in April to May.

A monthly average evaporation range of about 140mm
represent 30% of monthly average precipitation into the
catchment. The hottest months of April to May are periods
of highest evaporation. Relative humidity is low most of the
year and only increases during the wet seasons of June to
September. The vegetation is typically Sudan savannah and
is characterised by stunted and thorny shrubs, invariably of
the acacia species.

2.4. Description of Climate of the Basin

Like the rest of West Africa, the climate of the region is
controlled largely by the two dominant air masses affecting
the sub-region. These are the dry, dusty, tropical-
continental (cT) air mass (which originates from the Sahara
region), and the warm, tropical- maritime (mT) air mass
(which originates from the Atlantic Ocean). The influence
of both air masses on the region is determined largely by
the movement of the Inter-Tropical Convergence Zone
(ITCZ), a zone representing the surface demarcation
between the two air masses. The interplay of these two air
masses gives rise to two distinct seasons within the
sub-region. The wet season is associated with the tropical
maritime air mass, while the dry season is a product of the
tropical continental air mass. The influence and intensity of
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the wet season decreases from the West African coast
northwards.

In terms of climatic statistics, the annual rainfall for
Sokoto ranges between 300 mm and 800 mm. The mean
annual temperature is 34.5 ‘C , although dry season
temperatures in the region often exceed 400C. (Ekpoh and
Ekponyong, 2011)

2.5. Description of Hydrology of the Basin

The basin is essentially drained by the river Sokoto, a
prominent part of Niger river drainage system. The sokoto
river rises with its main tributaries, the Ka, Zamfara, and
Rima from the 600 to 900 meters high Mashika and Dunia
highland areas bordering the eastern part of the basin, and
flows down, rather sluggishly down a gentle slope toward
the northwest, where around Sokoto town, it is joined by the
Rima in the north, making a southward swing, collecting
the Zamfara and Ka before entering in to the river Niger.
The river systems, thus effectively drains the whole basin.
At the source areas in the east, the Sokoto river system is
only seasonal. However in the western parts of the basin,
the river becomes perennial as it begins to receive
substantial ground water contribution to its flow.

2.6. Description of Land Use and Land Cover of the
Basin

The land use and land cover within the basin are grouped
in to five major categories: Settlements, Agricultural Land,
Vegetal Cover, Water Bodies and Bare and Rocky Surfaces.
Agricultural land is divided in to three categories: ()
“Fadama”, or land which historically has been seasonally
flooded or irrigated; (b) “Tudu” , or land which lies above
the flood plain and is dependent on rainfall for its moisture;
and (c) land farmed by modern methods of irrigation for
example Talata-Mafara Irrigation scheme.

Table 1. Land Use and Land Cover of Sokoto-Rima River Basin

LAND USE IN SOKOTO RIMA RIVER BASIN
CATEGORY AREA IN km?
FORESTLI:S\’]\IS/WOOD 2,755 206
GRASS LAND 46,615 35%
AGRICULTURAL LAND 69,520 53%
WET LAND 970 0.74%
BARE LAND 10,330 7.85%
WATER AREA 1,400 1.06%
URBAN LAND 10 0.007%
GRAND TOTAL 131,600 100%

2.7. Description Demography of the Basin

In 1991, the population in the states of Katsina, Kebbi,
Sokoto, and Zamfara total to 10,291,799 people, and consists
of Urban and rural population. While the total population
according to 2006 census for those states total to 16,039,674
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people, as shown in table 2 below. The whole states within
the basin have an average inter census growth rate of 3.11
and the vaerage population density of 130.35 in the year
2006.

2.8. Existing Water Infrastructure within the Basin

The two major dams in the Sokoto-Rima River Basin are
the Bakolori and Goronyo dams. The Bakolori Dam is in
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Zamfara state, it was completed in 1978 and its reservoir
filled by 1981. It is a major reservoir on the Sokoto \River, a
tributary of the Rima River, which in turn feeds the River
Niger. Water from the dam supplies the Bakolori Irrigation
Project in TalataMafara. The dam has a capacity of 450
million cubic meters, with a reservoir covering 8,000
hectares extending 19 km (12 mi) upstream.

Table 2. Population Census of the states in Sokoto-Rima River Basin

INTER
STATES CE?ZL;SAiggl CENSUS 2006 LAND SIZE | CENSUS | POPULATION
TOTAL POPULATION KM? GROWTH DENSITY
POPULATION
RATE
MALE FEMALE BOTH SEXES
KATSINA 3,753,133 2,948,279 2,853,305 5,801,584 24,971.22 3.04 232.3
KEBBI 2,068,490 1,631,629 1,624,912 3,256,541 37,727.97 3.17 86.3
SOKOTO 2,397,000 1,863,713 1,838,963 3,702,676 33,776.89 3.03 109.6
ZAMFARA 2,073,176 1,641,623 1,637,250 3,278,873 35,170.63 3.2 93.2
Table 3. Operation of the Goronyo and Bakolori Dams
Physical and Operations of the dam Goronyo dam Bakolori dam
Storage Capacity 942 Million m* 450 Million m®
Catchment Area 21445 Km? 4857 Km?
Active Capacity 933 Million m? 403 Million m®
Dead Capacity 9 Million m® 47 Million m®
Planned Irrgation Area 69 000 Ha 23000 Ha
Operated Irrigation Area 17 000 Ha 23000 Ha
Reservoir Area 200 Km? 80 Km?
Mean annual Inflow 656 Million m? 757 Million m®

Table 4. Existing Medium and Small Scale Irrigation Schemes within the Basin

EXISTING MEDIUM AND SMALL SCALE IRRIGATION

PROJECT RIVER WATER SOURCE WORKS IRRIGATION AREA (KM?)
GAGERE GAGERE WEIR 100
BAKURA LAKE NATU PUMP 50
KWARE RIMA PUMP 800
Table 5. Existing Large Scale Irrigation Schemes within the Basin
EXISTINGLARGE SCALE IRRIGATION
PROJECT RIVER WATER SOURCE WORKS IRRIGATION AREA (KM?)
BAKOLORI SOKOTO DAM 23000
WURNO RIMA DAM 1500
MIE)/DALLIIE_E\I(MA RIMA DAM 6500
ZAURO FOLDER RIMA DAM 13000
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Goronyo Dam is on the River Rima at Goronyo in
Goronyo local government area of Sokoto state. It was
completed in 1984 and commissioned in 1992. The dam is a
sand-fill structure with a height of 21 m and a total length of
12,5 km. It has a storage capacity of 976 million cubic
meters. The dam is controlling floods and releasing water in
the dry season for the planned Zauro polder project
downstream in Kebbi state. Other large dams within the
basin are Gusau dam with height of 22m and total length of
800m located in Zamfara state and Zuru dam with height of
15m and total length of 700m located in Kebbi state. There
are also some small dams within the basin which include
Zurmi, Marina and Shagari dams.

3. Materials and Methods

3.1. Materials

The Materials used for this research are:

i. Hardware and software:- (a) The Hardware used is “HP
Pavillion dv6” Laptop computer with window 7
installed as the operation system. (b) The softwares
used are GIS-ILWIS, WEAP and Microsoft Excel
(Microsoft Office Package).

i. Large flow Current Meter for measurement of velocity
of flow in the river and determination of discharge, in
using it a thread was used to determine a straight cross
section line and divide the cross-section in to equal area
and a measuring tape was used for measuring distances.

iii. Internet used for research.

3.2. Methods

A water allocation modeling approach is adopted for this
study. First the model is applied to determine the surface
water resources availability for the current situation and
under the future changes of climate. Secondly, the model is
used to analyse the linkage between the water resources and
the demand in each region or local government based on the
population changes in the whole basin.

(a) Data collection as preliminary investigation and
analysis from the area was achieved by:

(i) Recognisance survey of the whole River Basin and
its surrounding Sub-Catchment areas.

(ii) Collecting the Hydrological and hydraulic data from
data stations in the area. The monthly average rainfall data,
the monthly average hydraulic data and the climatic data
which include Monthly average temperature for identified
major data stations in the sub-catchments for the period of
1970 — 2013 was obtained from the following data
stations:

(1) Birni-N'Konni, Niger, latitude: 13-48N, longitude:
005-15E, and elevation: 272m

(2) Gaya, Niger, latitude: 11-53N, longitude: 003-27E,
and elevation: 202 m

(3) Sokoto, Nigeria, latitude: 13-01N, longitude:
005-25E, and elevation: 302 m
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(4) Gusau, Nigeria, latitude: 12-16N, longitude:
006-07E, and elevation: 469 m
(5) Yelwa, Nigeria, latitude: 10-88N, longitude:

004-75E, and elevation: 24 m and used for the
analysis, the locations are shown in the figure 4
below.

(b) GIS-ILWIS software was used to digitalize the
hydrologic map, land use map, and local government
administration map of the area and convert them to shape file
(i.e .shp file) that can be accepted by the WEAP software.

(c) Water demand for agriculture and consumption in each
subcatchment and the whole stretch of Sokoto Rima River
basin was obtained using population and the existing land
use and the hydrological characteristics of the catchment.

(d) The Modelling: The hydrological and hydraulic data
obtained and the parameters of a hydrological model in the
study area will be used in soil moisture method of Rainfall
runoff to generate current stream flows as the model of
available water in the area.

i.e  Runoff = Precipitation - abstraction Q)

Hydrologic abstractions include interception, surface
storage, infiltration, and evapotranspiration. Climate is
assumed uniform over each sub-catchment, and the water
balance is given as:

dz; 52, ;- 223
Rdj—2 = Py(D)- PET(Dkej (O (— 25—
dt ' 3
RRF;
- Pe(t)zl‘j = 1:j ks,jzij' (1_ fj)kzvjzij (2)

Where: z;; = [1,0] is the relative storage given as a fraction
of the total effective storage of the root zone, Rd; (mm) for
land cover fraction, j, the effective precipitation, P,
excluding the snowmelt since snow is not experienced in the
study area.

Methods for Generating Climate Scenarios Adopted in
the Study:

Table 6. Hypothetical climate change scenarios

CHANGE IN CHANGE IN

SCENARIOS TEMPERATURE PRECIPITATION

AT (°C) P(mm)
REFERENCE 0 0
SCENARIO 1 +0.5 0
SCENARIO 2 +0.5 +10%
SCENARIO 3 +0.5 -10%
SCENARIO 4 +1.0 0
SCENARIO 5 +1.0 +10%
SCENARIO 6 +1.0 -10%

The preferred methods in projecting future scenarios are
usually those derived from GCMs (GlobalClimatic Models)
but their limitations of grid-point predictions make them
very difficult to adapt to the regional analysis. Nevertheless,
use of hypothetical scenario is another option used by
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researchers in climatic impact studies (Islam et.al., 2005).
Many published works were done in this way (e.g. Gleick,
1987; McCabe and Wolock, 1991; Skiles and Hanson, 1994;
Yates, 1996; Boorman and Sefton, 1997; Bobba, Jeffries and
Singh, 1999; Hailemariam, 1999; Xu, 1999, 2000; Islam,
Aramaki and Hanaki, 2005). From this perspective and
aiming to the main objective of the study to assess the
applicability of WEAP as a decision support system (DSS)
for climate impact assessment on a river basin, the
hypothetical scenario was chosen to generate scenarios. Six
hypothetical scenarios were adopted as follows, first
scenario consider a increase in temperature of about +0.5°C
over the entire basin, second scenario consider increase in
temperature of about +0.5°C and an increase in precipitation
of around +10% over the entire basin, third scenario consider
increase in temperature of about +0.5°C and decrease in
precipitation of around -10% over the entire basin, Fourth
scenario consider increase in temperature of about +1°C
over the entire basin, Fifth scenario consider increase in
temperature of about +1°C and an increase in precipitation
of around +10% over the entire basin, while the sixth
scenario consider increase in temperature of about +1°C and
decrease in precipitation of around -10% over the entire
basin.

2.3. Development of Weap Model
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For the analyses of hydrological processes in the
sokoto-rima river basin, all natural hydrological watershed
details and infrastructure for water resources management
are represented in the WEAP model. The schematic
representation is shown in figure 2 below:

2.4. Analysis of Climate Change Impact on Water
Availability

The final stage is to quantify the water availability in all
scenarios from the simulation of the model. The water
availability within the catchments was evaluated based on
the following output of the WEAP model:

Total available water within the catchment under a
scenario — The total water demand within the catchment

The water availability in each scenarios then being
analysed in order to evaluate the sensitivity of the study area
to climate change based on the relation:

Percentage Impact
_Auvailable remaining Water Under a given Scenario
Available Water from the observation (actual) data

*100% (3)

The impact of climate change on water demand and
supply can easily be analysed based on the availability of the
water within the basin.

Figure 2. The Schematic View of the Rivers in the Study Area
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2.5. Water Year Method

The water year method is a means to represent variation in
climatic data like stream flow and rainfall. The method
involves defining how different climatic regime (e.g Very
Dry, Dry, Very Wet, Wet) compare relative to normal year,
which is given a value of one (1). Normal water year define
each non-Normal water year type (Very Dry, Dry, Wet, Very
Wet), specify how much more or less water flows into the
system in that year relative to a Normal water year. Dry years
have a value less than one (< 1), Very wet have a value
greater than one (> 1) For example, if a Wet year has 35%
more inflow than a Normal year, 1.35 will be entered for the
Wet year. These fractions are derived from a statistical
analysis of historical rainfall data obtained. First the years
are grouped into five bins (quintiles), then how they vary
from the norm are computed using the mean value of the
entire data as shown in the figure 3 below.

The Current Account year for this analysis happen to be a
normal water year. A single variation fraction is specified for
an entire water year type and for all the proposed scenarios.

The sensitivity to climate change was explored by
defining six scenarios. The reference scenario was adopted
using the Water Year Method to reproduce the observed
variation in hydrology from the historical record. The
remaining scenarios were adopted using the first as a starting
point, but altering each water year type according to
predicted effects of climate change (i.e., increase in
temperature and increase or decrease in Rainfall) as shown
below:

3. Results and Discussion

The six major rivers within the basin are delineated in the
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WEAP as shown in figure 4 and 5 following their location on
the base map developed in GIS using the map of
North-Western region of Nigeria, the area is located between
latitude 10°04’ N and Longitude 3°- 814’ E.

The land use, present water abstractions and water
infrastructures were superimposed on the naturalised
hydrology in WEAP to simulate the basin’s water resources.
The model simulation was assessed against observed stream
flow data for gauges located at some stations within the
basin.

Stream flow Simulation:

The data of 1970 to 1989 was used to set up the model and
validated with the streamflow data of 1970 to 2013. The
model was also calibrated with average coefficient of
determination (R?) of 0.04, and percentage error in total
runoff volume (VE) around 19% and percentage error in
peak discharge (PE) of around 17%. After calibration the
model was validated with the actual measurement of
streamflow at ten various points on the rivers within the
basin.

Based on the simulation and comparison of the sreamflow
within the basin for the reference scenario and scenarios 1 to
6, it was observed that the effect of the climate change is not
uniform. The difference in water availability from the
scenarios depends on the section of the stream observed. As
shown in figure 6 below, the difference in water volume
from the reference scenario to the worst scenario (scenario 6)
at river Bunsuru is not much but on reaching the river Rima
the difference is around 391 Billion Cubic Metres in 44 years
simulation, indicating a reduction of 8.9 Billion Cubic Metre
of water annually While the difference at river Sokoto is
1183 Billion Cubic Metres under the same period, indicating
a reduction of 26.9 Billion Cubic Metre of water from the
annual flow in that river, see figure 4 to 6 below.

1.8
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1
—Dry
0.8
Normal
0.6 Wet
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O 1 T 1 1T 1 1T T 1T 1T T T T T 1
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Figure 3. Water Year Values
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Figure 4. Streamflow for the basin
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Figure 5. Streamflow below river sokoto for all scenarios
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Streamflow for all seven rivers and their different nodes and reaches sections simulated for the period of 44 years are
shown in figure 7 below.
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Figure 7. Streamflow for all scenarios
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Figure 8. Streamflow for all scenarios Inflow and outflow

In summary, the model performance is good and reasonable when considering a larger part of the basin (figure 8). WEAP
offers a simplified representation of the complex workings of the basin hydrology by representing the actual conditions
within the basin using many ‘unknowns’ and assumptions that are described in different sections of this work. The results of
water availability could be indirectly obtained from the model output.

In order to quantify how much is the water availability within the study area the average reservoirs storage volumes were
also determined as shown in figure 9.
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Monthly inflow and outflow from the two dams to downstream are also determined as shown in figure 10 below:
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Figure 10. Reservoir inflow and outflow
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The monthly average reservoir storage volume for all scenarios is shown in figure 11 below:
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Table 7 shows the different amount of water availability based on the simulation due to different prescribed climate
scenarios. These indicate that under the worst scenario of increase in temperature by 1°C and decrease in precipitation by
10% (i.e scenario 6) the minimum available water to the basin will be 4405.2 Million Cubic Meter.

Table 7. Effect of different climate scenarios to water availability based on the simulation of the sources for all rivers

AMOUNT OF WATER AVAILABLE IN (million) Cubic metre:

REFERENCE SCENARIO 1 SCENARIO 2 SCENARIO SCENARIO | SCENARIO 5 SCENARIO 6
+0.5°C +0.5°C, +10%P | 3+0.5°C,--10%P 4+1.0°C, +1.0°C, +10%P | +1.0°C,--10%P
Min 10958.9 10958.9 12545.1 4405.2 10958.9 12220.3 4405.2
Max 1324290.0 1319640.0 1554630.0 1037390.0 1315050.0 1532850.0 1030630.0

The inflow to areas for all scenarios and all month for 44 years simulated is shown in figure 12 below.
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Figure 13. Streamflow from rivers for all scenarios projected to 2064
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The impact of climate change on future availability of surface water to meet the demand obligations was assessed for the
Sokoto-Rima river basin using the seven scenario based climate dataset. Taking into consideration the model errors, the
results indicate higher future stream flows for the scenario 3 and 5. The magnitude of peak maximum monthly stream flow
increases by 17% relative to observed maximum monthly stream flow (year 1970 — 2013) as shown in figure 13 and 14.

The existing storage infrastructure will be able to buffer the deficits in meeting water demand in the basin based on the
reliability of the demand sites shown in figure 15.

The major domestic water demand from the basin is satisfied together with industrial requirements up to the year 2030.
However, demands for some smaller towns namely Sokoto North, Gusau and Goronyo are not met during the dry seasons.
Some of these towns will depend on alternative sources of water like groundwater. The model set up only assigned the
respective demands to rivers and alternative water supplies to towns was not considered. Therefore, the deficits in these towns
were assumed to be met from alternative sources like groundwater and considered insignificant. On the other hand, irrigation
demands constantly experience deficits during the dry season in the range of 10 — 13% in some river reaches.

Streamflow [ below node or reach Ested)
AllYears (95) , Allmonths {121 , AllRwers (7

|

TR HUHE URD 0, Headlow -
ESERHUHURD 10 Wrhdawd Hodk 11
IR HUHURD 2 Beach

TR DK URD 20 Caichmen fimlow Hodel
HNTR DUH IR 3, Beach

HNERGAGERE M, Headllow
INERGAGERE 11 Wihdawal Hodk 10
HERGAGERE 21 Reach

HERGAGERE 31 Caichmeen fimdiow Hode2
HNERGAGERE M, Reach

HNEREA 0L Headlow

INEREA 1L Caichmen fimdiow Hode §
HEREA 2L RBeach

HEREA 3L wthdawd Hod T

HNER LA 3, Reach

TR FMa 0 Headllow

TR FMA 1 BYER TS URA Ao
HMER FMA 21 Bsach

TR FMa 2 Y ERGAGERE Indow
HWER FMA . Beach

HNER FMa 5 Caichmen i ow Hoded
HNER FMA 6L Reach

HMER FMA 7 Wihdawal Hook 2

TR FMa 21 Beach

HWER FIM A 90 GO0EDH O A

HNER FIMa 10, Bach

HNER FIMA 111 W hdiavd Hode §
HMER FMA 120 Bach

TR FMA 121 Wohdand Hode |
HWER FIMA 141 Bach

HNERSOEOTD . Headllow

Billion Cubic M eter

CEEFEE R L R

-
PN IR N TR T TR R

T T T T T T T
Feeere SCEMAR0 SCEMARD 2 SCEWRN 3 SO0 A SO0 5 S:ENRN B

Figure 14. Streamflow from rivers for all scenarios compared with reference scenario projected to 2064
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4. Conclusions and Recommendations

4.1. Conclusions

A model of the Sokoto-Rima River Basin was successfully
set up and a scenario analysis carried out under possible
impact of climate change. However, despite the quality of
checked and justified assumptions made on the data used,
errors would be inherent. Therefore, the results of this Study
should be viewed with caution at this stage. Nonetheless, the
results indicate an annual reduction in the total available
water of about 1.70 billion cubic metre and monthly water
demand of 17.11 Billion Cubic Meter for the month of April
(which is the driest month in the whole basin) selected sites
under 10% reduction in the actual rainfall within the basin
and increase in evapotranspiration under 1°C increase in
temperature, this indicate reduction of the surface water in
the future for the basin. In addition, the dependency of the
basin on surface water sources make it imperative to apply
some methods of efficient use of water resources in the basin
to ensure future sustainability.

This Study has initiated setting up of a model for the basin
which encompasses hydrology and some aspects of water
management on a single platform. It also presents the strong
ability of WEAP in modelling complex water systems thus
providing an opportunity for rapid assessment of the state of
existing water resources via scenario analyses.

4.2. Recommendations

The potential adaptation measures recommended for the
Sokoto Rima river basin to conserve its surface water supply
and minimize the investigated trend of surface water flow
based on this research are as follows:

1. Increase in water use efficiency and storage by using
new improved method of irrigation.

2. Using new improved varieties of different crops species
that does not require plenty of water in their production
by the farmers within the basin, to reduce
evapotranspiration.

3. Increasing the forested area and reducing the
impervious area by planting more trees to help in
percolating more water in to the soil an entrapping it.

4. Making a proper plan for the existing reservoirs to
maintain adequate flow in to downstream throughout
the year.

5. Creating more underground storage facilities (i,e
underground reservoirs).

6. Collaborative planning in using the surface water
among the stakeholders within the basin.

REFERENCES

[1] Arnell N. W., 1999. Climate Change and Global Water
Resources. Global Environmental Change, 9 :31- 39.

[2] Amell N. W, 2003. Effects of IPCC SRES emissions

(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

Assessment of Water Availability in the Sokoto Rima River Basin

scenarios on river runoff: a global perspective. Hydrology and
Earth System Sciences, 7(5): 619-641.

Alcamo, J.; Doll P.; Henrichs, T.; Kaspar, F.; Lehner, B.;
Rosch, T.; Siebert, S., 2003. Development and testing of the
WaterGAP2 global model of water use and availability.
Hydrological. Sciences. Journal. 2003, 48, 317-337.

Bobba A. G., Jeffries D. S., Singh V. P., 1999. Sensitivity of
Hydrological Variables in the Northeast Pond River
Watershed, Newfoundland, Canada, Due to Atmospheric
Change. Water Resources Management, 13: 171-188.

Bronstert A., Guntner A., Araujo J. C. D., Jaeger A., Krol M.,
2005. Possible Climate Change Impacts on Water Resources
Availability in a Large Semiarid Catchment in Norteast Brazil.
In: Proceedings of Symposium S6 During the Seventh IAHS
Scientific Assembly. IAHS Publication no 295, pp 221- 230.

Bates, B.C., Z.W. Kundzewicz, S. Wu and J.P. Palutikof, Eds.,
2008: Climate Change and Water. Technical Paper of the
Intergovernmental Panel on Climate Change, IPCC
Secretariat, Geneva, 210 pp.

Boorman D. B., Sefton C. E. M., 1997: Recognising the
Uncertainty in the Quantification of the Effects of Climate
Change on Hydrological Response. Journal of Climatic
Change, 35: 415-434

Christensen, J.H.; Hewitson, B.; Busuioc, A.; Chen, A.; Gao,
X.; Held, R.; Jones, R.; Kolli, R.; Kwon, W.; Laprise, R.; et al.
Regional climate projections. In Climate Change 2007: The
Physical Science Basis. Contribution of Working Group | to
the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change; Solomon, S., Qin, D., Manning, M., Chen,
Z.,

Cai, X.; Rosegrant, M.W. Optional water development
strategies for the Yellow River Basin: Balancing agricultural
and ecological water demands. Water Resour. Res. 2004, 40,
doi:10.1029/2003WR002488.

Changnon S. A., Semonin R. G., 1982. Atmospheric Issues
Identified in State Water Resources Planning. Bulletin
American Meteorological Society, 63(4): 399-406.

Chow, V.T.; Maidment, D.R.; Mays, L.W. Applied
Hydrology; McGraw-Hill: New York, NY,USA, 1988.

Daamen K., Gellens D., Grabs W., Kwadijk J. C. J., Lang H.,
Middelkoop H., Parmet B. W. A. H., Schadler B., Schulla J.,
Wilke K., 1997, Impact of Climate Change on Hydrological
Regimes and Water Resources Management in the Rhine
Basin: Research Report, ETH, Zurich Department of the
Environment and Transport and the Regions, 1997. Climate
Change and Its Impacts: A Global Perspective.

De Wit, M.; Stankiewicz, J. Changes in surface water supply
across Africa with predicted climate change. Science 2006,
301, 1917-1921.

Department of Water Affairs and Forestry, 2003, Inkomati
Water Management Area, Water Resources Situation
Assessment Report.

Department of Water Affairs and Forestry, 2004, Inkomati
Water Management Area, Internal Strategic Perspective
Report.

Dessai S., Hulme M., 2001.Climatic Implication of Revised
IPCC Emissions Scenarios, the Kyoto Protocol and



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Resources and Environment 2014, 4(5): 220-233

quantification of Uncertainties. Integrated Assessment

2:159-170.
Douville H., 2005. Limitation of Time-Slice for Predicting
Regional Climate Change Over South Asia. Climate

Dynamics 24: 373-391.

Doll, P.; Kaspar, F.; Lehner, B. A global hydrological model
for deriving water availability indicators: Model tuning and
validation. J. Hydrol. 2003, 270, 105-134.

Eckhardt K., Ulbrich U., 2003. Potential Impacts of Climate
Change on Groundwater Recharge and Streamflow in a
Central European Low Mountain Range. Journal of
Hydrology 284:244-252.

Falkenmark, M.; Rockstrém, J. The new blue and green water
paradigm: Breaking new ground for water resources planning
and management. J. Water Resour. Plan. Manag. 2006, 132,
129-132.

FAO. FAOSTAT-Crops; Food and Agriculture Organization
of the United Nations: Rome, Italy, Available online:
http://faostat.fao.org (accessed on 6 October 2010).

FAO. Irrigation Potential in Africa: A Basin Approach; FAO
Land and Water Bulletin 4; Food and Agriculture
Organization of the United Nations: Roma, Italy, 1997.

Frederick K. D., Major D. C., 1997. Climate Change and
Water Resources, Climatic Change, 37: 7-23.

Goldberg, D.E. Genetic Algorithms in Search, Optimization,
and Machine Learning; Kluwer Academic Publishers: Boston,
MA, USA, 1989.

Gerald, N.; Rosegrant, M.W.; Palazzo, A.; Gray, |.; Ingersoll,
C.; Robertson, R.; Tokgoz, S.; Zhu, T.; Sulser, T.; Ringler, C:
(2010).; et al. Food security, Farming, and Climate Change
to 2050; Research Monograph, International Food Policy
Research Institute (IFPRI): Washington, DC, USA, 2010.

IPCC (Intergovernmental Panel on Climate Change).
Emissions  Scenarios 2000: Special Report of the
Intergovernmental Panel on Climate Change; Cambridge
University Press: Cambridge, UK, 2000.

1. J. Ekpoh, and EkpenyongNsa (FRGS) (2011);” The Effects
of Recent Climatic Variations on Water Yield in the Sokoto
Region of Northern Nigeria”; International Journal of
Business and Social Science Vol. 2 No. 7; [Special Issue
—April 2011 Netherlands Environmental Assessment Agency,
2005, The Effects of Climate Change in the Netherlands.

Jones, P.G.; Thornton, P.K.; Heinke, J. Generating

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

233

Characteristic Daily Weather Data Using Downscaled
Climate Model Data from the IPCC’s Fourth Assessment;
Project Report. 2009. Available online:http://dspacetest.cgia
r.org/handle/10568/2482 (accessed on 16 January 2011).

Japan International cooperation Agency (JICA) ,1995; The
Study on the National Water Resources Master PIxn' Water
Resources inventory survey;' Federal Ministry of Water
Resources and Rural Development; Federal Republic of
Nigeria.

Kundzewicz, Z.W., L.J. Mata, N.W. Arnell, P. DAl, P. Kabat,
B. Jiménez, K.A. Miller, T. Oki, Z. Sen and |.A. Shiklomanov,
(2007). “Freshwater resources and their management.”
Climate Change2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group 1l to the FourthAssessment
Report of the Intergovernmental Panel on Climate Change,
M.L. Parry, O.F. Canziani, J.P. Palutikof, P.J. van der Linden
and C.E. Hanson, Eds., Cambridge University Press,
Cambridge, UK, 173-210.

Keller, A.; Keller, J.; Seckler, D. (1996); Integrated Water
Resource Systems: Theory and Policy Implications; Research
Report 3; International Water Management Institute:
Colombo,Sri Lanka, 1996.

Mitchell, T. and Tanner, T. 2006. Adapting to Climate
Change: Challenges and Opportunities for the Developing
Community. A Publication of Tearfund, UK.

Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L., Eds.;
Cambridge University Press: Cambridge, UK and New York,
NY, USA, 2007.

Mote, P.; Brekke, L.; Duffy, P.B.; Maurer, E. Guidelines for
constructing climate scenarios. Eos Trans. AGU 2011, 92,
257-258.

Nash, J.E.; Sutcliffe, J.V. River flow forecasting through
conceptual models part I—A discussion of principles. J.
Hydrol. 1970, 10, 282-290. Water 2012, 484.

Netherlands Environmental Assessment Agency, 2005, The
Effects of Climate Change in the Netherlands.

Portmann, F.T.; Siebert, S.; Ddl, P. MIRCA2000—Global
monthly irrigated and rainfed crop areas around the year 2000:
A new high-resolution data set for agricultural and
hydrological modeling. Glob. Biogeochem. Cycles 2010, 24,
doi:10.1029/2008GB003435.

Tao, F., Yokozawa, M., Hayashi, Y. and Lin, E. (2003a)
Changes in agricultural water demands and soil moisture in
China over the last half-century and their effects on
agricultural production. Agri. Forest Meteorol. 118: 251-261.



