ANNALS of Faculty Engineering Hunedoara - International Journal of Engineering
Tome XVII [2019] | Fascicule 2 [May]

"B.K. ADEOGUN, #S.U.BELLO, ™ I.M. SANNI

HYDROLOGICAL MODELLING OF KANGIMI DAM WATERSHED USING
GIS AND SWAT MODEL

"Department of Water Resources and Environmental Engineering, Ahmadu Bello University, Zaria, Kaduna State, NIGERIA
2Department of Civil Engineering, Nigerian Defence Academy, Kaduna, Kaduna State, NIGERIA

Abstract: In recent years, hydrological models have been used in assessing complex hydrological processes occurring within a
watershed. This study focused on application of physically based distributed hydrological model Soil and Water Assessment
Tool (SWAT) interfaced with ARCGIS software over the Kangimi Dam sub-watershed, located in Kangimi river sub-basin of
Kaduna basin, in Igabi Local Government Area, about 37km away from Kaduna metropolis, Kaduna State, Nigeria. The study
aimed at calibrating and validating the model for streamflow simulation. The model was run for the period from 1979 to 2014
with a calibration period from 1983 to 1986 and a validation period from 1987 to 1990 which was period of discharge data.
Calibration and validation of the model were achieved using the soil and water assessment tool-calibration uncertainty
programs (SWAT-CUPs) with sequential uncertainty fitting (SUFI-2) algorithm. Based on recommended statistical coefficients,
the model evaluation indicated a very good performance for both calibration and validation periods with (R2) and (NSE) to be
92% and 82%, for calibration, and 93% and 86%, for validation period respectively and good agreement between measured and
simulated values of monthly scale discharge. The findings of this study can be useful in runoff simulation and to efficiently
support water management policies in Kangimi Dam watershed.
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1. INTRODUCTION

Water is a vital element for survival of living organisms. It is an important factor for economic growth and boosting of
agriculture and industry particularly in the viewpoint of rapidly growing population and urbanization. (Shimaa, 2015).
Nigeria is faced with scarcity of freshwater or prone to contamination. To deal with water management problems, there is
need for quantification and analysis of different elements of hydrologic processes taking place within the area of interest.
Apparently, this analysis must be carried out on a watershed basis because all these processes are happening within
individual micro watersheds (Shimaa, 2015). A management method that is technically sound is most appropriate, hence
the need for hydrological models for water resources assessment and development. (Ndulue et a/, 2018)

Effective planning and management of water resource requires the use of watershed models for hydrological processes
simulations. Hydrologic models offered a framework for making suitable decisions for sustainable management of soil and
water resources in the watershed and have become an important tool for the study of hydrological processes. The
application of a watershed model to simulate these processes plays a vital role in addressing a range of water resources
and environmental and social issues (Omar, 2014).

The use of Geographic Information System (GIS) techniques has fostered and enhanced the elaborate use of watershed
models globally. GIS is a practical tool for the effective management of large and complex database and to provide a digital
representation of watershed characteristics used in hydrological modeling. . It has added confidence in the accuracy of
modeling by determining watershed characteristics, developing more suitable approach toward the watershed
conditions, improving the effectiveness of the modeling process and ultimately enhancing the estimation abilities of
hydrological modeling, (Bhuyan et a/, 2003).

Several hydrological models have been developed to simulate rainfall-runoff processes at a watershed level. Knowledge
of runoff simulation procedures is useful for water resources planning through prediction of the effects of management
strategies on water resources. Modelling surface runoff forms a basis upon which policy makers, watershed
planners/managers make appropriate decisions consistent with sustainable management of land and water resources in
the watershed (Obiero et al,, 2011). In view of this, the GIS interface provides the platform to streamline GIS processes
tailored towards hydrologic modeling. Among the widely applied hydrological models for flow prediction in recent time
is Soil and Water Assessment Tool (SWAT). SWAT is a river basin, or watershed, scale model which has the ability to simulate
both the spatial heterogeneity and the physical processes occurring within smaller modeling units, known as hydrologic
response units (HRU) for the sustainable planning and management of surface water resources of rivers. The selection of
SWAT model was based on its clear advantage as a hydrological modelling tool that comprises computational efficiency,
ability to simulates long term effects as a continuous model (Van Griensven, 2005), and capability to use readily available
global datasets, availability of a reliable user and developer support has contributed to its acceptance as one of the most
widely adopted and applied hydrological models globally (Gassman et a/, 2007). Gassman et a/. (2007) gave an extensive
review and application of the SWAT model across numerous watersheds worldwide: Van Griensven et a/. (2005) reported
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a review of SWAT applications in the upper Nile basin. SWAT was also applied in countries like Egypt, Sudan, South-Sudan,
Ethiopia, Eritrea, Uganda, Tanzania, Kenya, Burundi, Rwanda and DR Congo.

In a similar study, Adeogun et a/, (2014) modelled the hydrology of upstream watershed of Jebba reservoir in Nigeria.
Ndulue er al, (2018) applied SWAT model to the upper Ebonyi watershed to simulate streamflow and sediment yield. In
this study, GIS based watershed model (ArcSWAT) was applied to Kangimi dam watershed to calibrate and validate the
model for streamflow simulation of the watershed. The main objective of this study is therefore to study runoff simulation
50 as to efficiently support water management strategies in Kangimi Dam watershed. This objective is acomplished by
using existing historical data with freely available global database, so as to effectively predict the hydrological processes
with the SWAT model.

2. MATERIALS AND METHODS
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climate in the area is classified as tropical continental, with almost Figure 1: Geographic Map of the Study Area

equal wet and dry seasons. The rainfall in the area occurs between May and October and the rest of the year is dry.
Maximum daily temperatures lies between 30° to 40° C throughout the year, while minimum daily temperatures
occasionally drop below 12° C. (Kemdirim, 2005).

— The SWAT Model

The SWAT was developed in the 1990s by the United States Department of Agriculture (USDA) (Arnold et al., 1998; Neitsch
etal, 2002). Itis a process based and spatially semi-distributed hydrological and water quality model designed to estimate
and route water, sediments, and nutrient from individual sub-watersheds all through the main stream watersheds towards
its outlet. These sub-watersheds are additionally divided into hydrological response units (HRUs) on the basis of their land
cover, slope, and soil attributes.

SWAT model uses the principal water balance approach (i.e, Eqg. 1) to calculate runoff volumes and peak flows (Arnold er
al, 1998) expressed as:

t
SWt=SW0+ Y (Rday —Qsurf —Ea—Wseep —Qgw)i )
t=1

where SW, is initial soil water content and SWt is the soil water content on day t. All other measurements are taken in
millimeters, and the time (t) is measured in days. The equation deducts all forms of water loss on any day i from
precipitation for that day (Rday), including surface runoff (Qsurf, i), evapotranspiration (Ea, i), loss to vadose zone (wseep,
i), and return flow (Qgw, i). By working with this equation, the model can predict changes in variables of interest like runoff
and return flow. Runoff (Eq. 2) is derived from the USDA soil conservation service runoff curve number (CN) method (USDA
1972) as follows:

_ (Rday - 0.25)

Qsurf @)
(Rday - 0.8S)
where Qsurf is the daily surface runoff (mm), Rday is the rainfall depth for the day (mm), and S is the retention parameter
(mm).
The retention parameter S and the prediction of lateral flow by SWAT model are defined in Eq. (3):
5=254(12% 1) ()
CN

where S = drainable volume of soil water per unit area of saturated thickness (mm/day); CN = curve number.

— Description of sequential uncertainty fitting (SUFI)-2 in SWATCUP

In SUFI-2, deviation between measured and simulated variables is defined as the uncertainty. The SUFI-2 sticks together
uncertainty analysis along with calibration to obtain parameter uncertainties that ensure prediction uncertainties grouping
the majority of the measured data, while developing minimum possible prediction uncertainty band. Input parameter
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uncertainty in SUFI-2 is demonstrated as homogeneous, i.e., uniform distribution, whereas model output uncertainty is
measured at the 95% parameter prediction uncertainty (i.e, 95PPU). The P factor, which represents the percentage of
underlying data in bracketed 95PPU, computed at 2.5% significance level confidence and the 97.5% significance level
confidence intervals during output simulation, shows the quantity of uncertainty which is being captured, For discharge,
a value of >0.7 or 0.75 is recommended to be adequate while the R-factor on the other hand is the ratio of the average
width of the 95PPU band and the standard deviation of the measured variable. A value of <1.5, again depending on the
situation, would be desirable for this index (Abbaspour et a/, 2004, 2007).

— Input data

Meteorological data including precipitation and temperature are the most essential inputs to hydrological models. One of
the major problems encountered in the application of hydrologic models in developing countries is the lack of required
data for model input (Adeogun et a/ 2014). In order to overcome these challenges, historical data together with the
National Centers for Environmental Prediction’s Climate Forecast System Reanalysis (CFSR) daily weather data at 38 km
resolution were used. Applications of CFSR have been presented by Saha et a/, (2010). The spatial data required for
hydrological modeling in SWAT include digital elevation model (DEM), soil and land use land cover data. The SRTM DEM
of 90m resolution (HTML: CGIARCSI) was obtained from the International Centre for Tropical Agriculture (CIAT). The soil
map, was obtained mainly from the United Nation Food and Agriculture Organization (HTMAL: FAO-AGL, 2003) and
extracted from harmonized digital soil map of the world (HWSD v1.1). Land-use data (West Africa Land Use Land Cover
Time Series two-kilometer (2-km) resolution land use land cover (LULC) 2013) with 26 classes of land-use representation
was obtained from USGS Earth Resources Observation and Science (EROS). Finally, the streamflow gauged data was
collected from Kaduna State Water Board. A long term flow data were gauged at Ribako (located on 33390 2500 N, 73 180
1500 E) which is a very close control point Upstream the Kangimi Dam. The historic daily flow data were available for the
period 1983-1990.

— Model simulation

Hydrological modelling of Kangimi Dam Watershed was executed using the ArcSWAT version of SWAT Model. After
preparing data files and completing all model inputs based on procedure outlined in the SWAT model user documentation
(Neitsch et a/, 2011). SWAT execution involves performing watershed delineation, HRU definition, sensitivity analysis,
model calibration and validation. The model was executed using the Runoff Curve Number method for estimating surface
runoff from precipitation, the Hargreaves method for estimating potential evapotranspiration generation, and the
Variable-storage method to simulate channel water routing. The simulation is done for a period of 35 years with a warm
up period of three years, from 1979 to 2014 which is the same period of availability of climate data.

— Model calibration and validation procedure.

The SWAT model was calibrated using the SUFI-2 optimization technique for the Kangimi basin using the daily observed
data for the gauging station. Calibration period is taken to be 1983-1986, and validation period is taken as 1987-1990
along with three years warm-up period before calibration. Many studies emphasized on warm up period of 3 years for
obtaining satisfactory results (Joh et a/2011; Daggupati, 2015). In this study, the first step for the calibration and validation
is the establishment of highly sensitive parameters for the watershed. The sensitivity analysis is so used to identify and rank
the most responsive hydrological parameters that have significant impact on specific model output (Saltelli ez a/, 2000).
— Model efficiency

To assess the performance of the model for the data obtained, a set of generally used goodness-of-fit indicators were
calculated. In this study, SWAT model was evaluated using three quantitative statistics, namely the coefficient of
determination (R?), Nash-Sutcliffe model efficiency (NSE) and observations standard deviation ratio (RSR) and were given
below as reported by (Krause et a/, 2005):

R — Y, (0i-0)(Si-5) @
[Eii-0y2 5 (5i-9)?
It ranges from zero to 1.0 with higher values indicating less error variance, and values greater than 0.50 are considered
acceptable (Santhi et a/ 2001).

_q _ Ziza(0i=5)?
NSE =1 S (01-0)? (5)
NSE ranges from negative infinity to 1 and 1.0 (1 inclusive), with NSE = 1 being the optimal value. Values between 0.0 and
1.0 are generally viewed as acceptable levels of performance. Generally, the model simulation is considered as satisfactory
if NES > 0.5, (Moriasi et a/, 2007).
Y, (0i-Si)?

RSR = ©)

i

Z?:l(Oi_O_)Z
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Oi and Si are the observed and simulated discharge values, respectively, O

and (S) are the mean of observed and simulated discharge values, and n'is
the total number of observed. A better assessment of model in the course
of calibration and validation can be analyzed by computing P and R factors.

3. RESULTS AND DISCUSSION — PRELIMINARY RESULTS

— Delineated stream network and sub basins

The Kangimi dam watershed was delineated to 10 sub-basins, 39
hydrological response units (HRUs) and maximum and minimum elevation

of 784m and 512m respectively as shown in Figure 2.
— Delineated land use/cover

Seven (7) LULC classes were delineated from the watershed where
agricultural land area has the highest percent coverage as showed in Figure

3.
— Delineated Soil Map

For this study 3 soil types were determined after collecting soil samples from
different locations within the study area from two different layers (0 - 30 cm
and 30 - 100 cm depth) and analyzed to validate the model soil parameters

as showed in Figure 4.
— Model Calibration and Validation

Model calibration and validation are vital for simulation process, which are
used to assess model prediction results. This is to reduce the uncertainty
associated with the model prediction. Streamflow calibration and validation
were based on the observed flow data collected by Kaduna State Water
Board at Ribako gauge station upstream the Kangimi Dam on Kangimi river.
The available measurements were used for comparison with the predicted
results in order to test the SWAT simulation efficiency. Calibration took place
monthly where outflow data existed from 1983 to 1986 and then the
parameters were validated from 1987 to 1990. After achieving a
representative runoff data, the same value of calibrated hydrological
parameters was used for validation. The SUFI2 algorithm within SWAT-CUP
software was used for sensitivity analysis (One at a time sensitivity analysis)
and calibrations by realizing 500 simulations for the 5 most sensitive
parameters. The parameters found to be most sensitive are curve number

(CN2), Base flow alpha factor (ALPHA_BF.gw),

evaporation

compensation factor (ESCO), threshold water depth aquifer (GWQMN) and
soil available water capacity (SOL_AWC). These parameters were adjusted
to bring simulated values close to the observed values as reported by Fadil

etal, (2011), Abbaspour et a/, (2007).
— Model Performance

The statistical evaluation showed a very good match between the monthly
observed and simulated river discharge as presented in Table 1. The values
of Coefficient of Determination (R?) for both calibration and validation
recognize the accuracy of the results as shown in Figure 5 and Figure 6. The
value R? test stands 0.92 and 0.93 for calibration and validation respectively.
It indicates that model results produced for the flow are very good for both
periods. According to NS method, the model results of 0.82 for calibration

and 0.86 for validation are very satisfactory as compared to similar studies.

Many studies with the SWAT related R and NS values ranged from 0.4 to 0.9
and 0.3 to 0.9 respectively, depending on the drainage area of the basin, the
time interval of the simulation and the available database. Ndulue et al,,
(2018) obtained R? and NS values of (0.53 and 0.74) and (0.61 and 0.59) in the calibration and validation of SWAT,
respectively, for the Hydrological modelling of upper Ebonyi watershed using the SWAT model, using a time series of data
to simulate the model. Adeogun et a/, (2014) obtained R? and NS values of (0.76 and 0.71) and (0.72 and 0.78) in the
calibration and validation of SWAT, respectively for the GIS-based hydrological modelling of upstream watershed of Jebba

reservoir in Nigeria using SWAT model.

Legend

MonitoringPoint :
& <all alher values® 'W+E

0 -] 10 20 Kilometers
1 1 1 1 LSS |

Figure 2: The DEM, Stream Network and Sub-
basins numbered

Legend N

MaoniteringPaint W E
“at s s 3 | B
- 1 8 -
)

Q L] 10 20 Kilometers

Figure 4: Delineated Soil Map

168|Fascicule?



ANNALS of Faculty Engineering Hunedoara - International Journal of Engineering
Tome XVII [2019] | Fascicule 2 [May]

Table 1. Statistical evaluation of simulated versus observed annual stream flow data

Calibration Period (1993-1996) Validation period (1996-1990)
Coefficient Obs. Flow Sim. Flow Obs. Flow Sim. Flow
m3/s m3/s m3/s m3/s
Mean 146 113 1.39 112
R2 0.92 0.93
NSE 0.82 0.86
RSR 0.77 0.77
PBIAS 230 19.0
6 Calibration =@=o0bserved =®==simulated
3 R?=0.92 NS$S=0.82
s p-factor=0.77 r-factor=0.71
2 4
o
E 3
2
T 2
1
0
> D D D DD M © o o b
q% Cgbc) q%/\ q% cgb q% \ch @oi) i \o)% \q% \q% QCé’ q@ q@ QCé; 2 qcéi \9%“) @cb S8 q%q FEF
/ 7/ / / 7/ / / 7/ / 7 7/ / / 7/ \/ /
$§§§§§¢§$é§$§§@é§§§$§$§§
<¢V<<V<¢V<<\/<<V<< <<V<<; < <¢V<¢w DA & <<V<<V<¢V <<”<¢V<<V<<V<<V<¢V
RARNS ST NN RENOREYN

Figure 5: Comparison of observed and simulated streamflow for R2, NS, p-factor and r-factor statistics during the calibration period
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Figure 6: Comparison of observed and simulated streamflow for R2, NS, p-factor and r-factor statistics during the Validation period
Shimaa, (2015) obtained R* and NS values of (0.93 and 0.80) and (0.85 and 0.75) in the calibration and validation of SWAT,
respectively for the hydrological modeling of the Simly Dam watershed (Pakistan) using GIS and SWAT model. Therefore,
these suggest strong agreement between the simulated and observed stream flow during this period, based on the
performance criteria stated above.

The simulation underpredict the peak values of flow experienced in the month of July, August and September as shown
in figure 5. It is clear that if more reliable precipitation and temperature data sets of the meteorological stations with good
spatial coverage of the study area are available, the results of the model could be equally improved with excellent accuracy.
The underprediction of flow during peak events by the SWAT model has been reported in many studies, Jayakrishnan et
al, (2005) Gassman et a/, (2007) and Fadil er al, (2011)

4. CONCLUSION AND RECOMMENDATION

Watershed models have become a main tool in addressing a wide spectrum of water resources and environmental
problems. The present study comprises the application of hydrological model to simulate the hydrological response of
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Kangimi dam watershed. The hydrological model selected for modeling stream flows in the watershed is the ArcSWAT

interface implemented in the ArcGIS software, soil and water assessment tool (SWAT). The SWAT model has been well-
documented as an effective water resources management tool.

The program SUFI-2 in SWAT-CUP package was used for calibration/uncertainty analysis, validation, and sensitivity
analysis. The calibration and validation of the model produced good simulation results.

The efficiency of the model has been tested by coefficient of determination, Nash Sutcliffe Efficiency (NSE) in addition to
another two recommended statistical coefficients: Percent Bias and RSR-observation standard deviation ratio. On monthly
basis, the Coefficient of Determination and Nash and Sutcliffe Efficiency (NSE) were found to be 92% and 82%, for
calibration and 93% and 86% for validation respectively, which indicate very high predictive ability of the model.

The model can be used successfully to predict the volume inflow to Kangimi Dam when gauging stations are installed at
each subbasin for both climatological and hydrological data collections, so as to facilitate the storage and efficient water
management.
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