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DEVELOPING STAGE - DISCHARGE MODEL
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GAUGING STATION
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Abstract— Developed Stage-Discharge Models for Baro is presented based on the statistical method of least squares to estimate the
potential discharge volume from the sub basin. Missing records were determined by the mass curve analysis for periods that stage and
discharge records were not available. Test on time homogeneity showed that the interaction of stream Stage and stream discharge exhibited
common profile but non-stationary. The trend of the annual subset mean and the coefficient of variation for stage and discharge along the
river decrease downstream. Six models were developed, calibrated and validated for suitability using six set of equations namely; simple
linear, polynomial of second degree (quadratic), power (geometric), exponential, logarithmic and modified power. Comparison of the values
of their coefficient of correlation (R), coefficient of determination (R2), standard error of estimate (SE), hypothesis test, calibration/validation
test and error function test (SEF) favoured model (VI) for Baro gauging station. The application of the models showed that [Q = 1883.22(h -
180)0.8794] for Baro should be adopted. Thus, from the analysis it can be ascertained that stage-discharge model for Baro along river Niger
followed a modified power model (model VI) of the form [Q = a*(h — hO)b] and the stage at zero discharge in the river “ho” is a hypothetical
value that cannot be measured in the field. Thus, the regression model is robust enough to perform satisfactorily in a catchment such as the
Niger River and can therefore be used as a complimentary tool in the estimation of the discharge potential. Recommendations are made that
hydrological modeling be applied in water resources planning and management activities for environmental sustainability.

Index Terms— Coefficients of Determination, Correlation Coefficient, Data, Discharge, Error Estimate, Least square, Mass curve analysis,
Model, Regression, Stage, and Standard Hydrology.

1 INTRODUCTION

OR an effective and sustainable water resource planning

and management, the need for complete and reliable hydro-

logical data is indisputable. To get such data there is a need
to develop and maintain hydrological stations in proper net-
works but since the availability of this data in sizes and number
of years required for effective planning and management of wa-
ter resources system is somehow difficult, there is need to de-
velop a model whereby such data can be used to estimate these
data that will enhance the management of water resources sys-
tem.

Models can be expressed mathematically to represent a sys-
tem or sets of data; Models are also seen as mathematical rep-
resentations of sets of relationships between variables or pa-
rameters (Nwaogazie, 2006; Nwadike, 2008). In this study, we
shall be looking at Mathematical models as representing a set
of variables which establishes relationships between stage and
discharge variables.

Hydrologic data are the building blocks for management of
any water resources abstraction. Many sources of data may be
accessed to support model development and verification, sta-
tistical analyses, and other studies (Viessman, and Lewis, 2008).
The unavailability of long term hydrological data such as dis-
charge measurements and invariably lack of discharge models
has been the major difficulties encountered by engineers and
hydrologists in design and planning of water resources struc-
tures in developing countries like Nigeria and other underde-
veloped countries (Ojha et al., 2008; Viessman and Lewis, 2008;
Raghunath, 2006 and Sonuga,) 1990. Since most of the river ba-
sins in Nigeria do not have data especially discharge in sizes
and number of years required for hydrological study, the use of

discrete statistical analysis to determine appropriate and suita-
ble model that can be used to generate this data was necessary.
Thus, measurements of river stage provide the best alternative
of measuring discharge.

The study reported here emanated from global concern to
generate data for water resources management and here in Ni-
geria one of the key imperatives of the federal ministry of water
resources is; Establishing the means to acquire, collate, manage
and disseminate hydrological, hydro meteorological and hydro
geological information for each of the river basins in Nigeria.
This research study is set to provide tool to achieve part of the
derived objectives of the federal water road map.

The stage-discharge (H-Q) relationship is a fundamental
technique employed in discharge calculation. Typically, the re-
lationship is established from periodic measurements of stream
discharge and corresponding water surface elevation, height or
stage.

The main objectives of this study was to establish a func-
tional stage-discharge relationship between stage-discharge in
order to generate the discharge potential from a given stage
measurement.

The general objectives include:
1. to examine the relationship between stage and dis-
charge for Baro gauging station along the river Niger;

2. to develop a model for Baro gauging station along
river Niger using the least square method of regression
analysis;

3. determine which model out of the six model’s setup is

best in terms of accuracy, simplicity, and applicability
for educational and research purposes;
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4.  to validate the adopted model and determine if the
data it produces is reasonable by comparing the results
of the validation to the actual.

The relationship between stage (m) and the corresponding
discharge (m3/s) is an exponential function (Ojha et al., 2008).
Strong nonlinear bivariate and multivariate correlations are
common in hydrology and various mathematical models are
used to describe the relationships, such as parabolic, exponen-
tial, hyperbolic, power, and other forms that provide better
graphical fits than straight lines. In this study, regression mod-
eling was adopted to fit discharge data from Baro discharge
gauging station along Niger River for fifty-three years duration
(1960-2012). The approach was to utilize the original data in
model calibration and using coefficient of correlation, coeffi-
cient of determination and standard error of estimate as evalu-
ation parameters for good curve fitting.

2 MATERIAL AND MATHODS
2.1 Types of and Sources of Data

The data type for this research was basically secondary data.
And these include daily archival data on stage (water level) and
discharge; these data from the two stations were made available
by the Nigeria Institute of Hydrological Services Agency
(NIHSA) Abuja.

2.2 Method of Data Quality Analysis

In the preliminary treatment of the data, basics statistical like
computation of the totals, mean, variance and standard devia-
tion were employed for the analysis of stage height and dis-
charge in each of the stations.

The analytical techniques employed include mass curve
analysis for the determination of missing data, homogeneity
and consistency analysis, product moment correlation coeffi-
cient test, coefficient of determination regression analysis, hy-
pothesis test and error function test.

2.3 Determination of Missing Records using Mass
Curve Analysis
The theory of the mass curve is based on the fact that a graph
of the cumulative of one parameter is plotted against the time.
This is one of the methods employed to estimate missing
value’s in hydrology from a set of data.
In this study, the cumulative depth of stage (or discharge) for
any year starting from the first year of record was plotted as
ordinate against time as abscissa. The plot was extrapolated to
periods of no record and the cumulative depth at the extrapo-
lated time read off from the graph. The depth of stage or dis-
charge for year t, was obtained by subtracting the cumulative
depth at time t1 from that at time t,.

2.4 Homogeneity and Consistency Analysis

The annual field data collected for Jiderebode, Jebba, Baro,
Lokoja and Onitsha hydrological stations were subjected to ho-
mogeneity and consistency analysis. In the consistency analy-
sis, the subset mean of annual stage or discharge were com-
pared to the long term mean by calculating the deviation of the

subset mean from the long term mean and expressed in per-
centage.

1.0

Subset mean—Longterm mean] 100

Deviation from Mean = [ 1

Longterm Mean

Also, as part of the consistency analysis, coefficient of variation
which is a measure of variability was employed to determine
the degree of spatial variations in annual stage or discharge in
river Niger. The formula is;

CV = X% 2.0

|«

Where; C.V = coefficient of variation, S = Standard variation
(deviation) and X = Mean (stage or discharge)

2.5 Best-fit Evaluation criteria

The evaluation of Coefficient of determination (R2) is deter-
mine by the equation;

It describes the extent of best-fit and is expressed as:

2 EEXi-X)(Yi-Y)]

= = = 3.0
LXi—X)2 X(Yi-Y)?
(b) Coefficient of correlation (r):
It is the square root of the coefficient of determination (r?):
R = VR? 4.0

2.6 Tests for Goodness of Fit

The test for goodness of fit was conducted using equation
(3.0) and equation (4.0) to test for the coefficient of determina-
tion (R?) and coefficient of correlation (R) respectively. The co-
efficient of determination, R? measures the proportion of the to-
tal variation in Y that is explained by the linear model. That is,
R2expresses the proportion of the total variation in the values
of the variable Y that can be accounted for or explained by a
linear relationship with the values of the random variable X.
Thus; unlike the value of a test statistic, the coefficient of deter-
mination does not have a critical value that enables us to draw
conclusions. In general, the higher the value of R?, the better the
model fits the data.

R2 = 1: Perfect match between the line and the data points. R?=
0; It means the relationship between x and y is zero.

2.7 Model Set-Up

In this research, six set of regression equations were con-
sidered to setup the model. These sets of regression equation
are; linear, quadratic, power, exponential, Logarithmic, and
modified power as given below;
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l. Q=ay+aH 5.0
. Q =ag +a;H + a,H? 6.0
. Q=aHP 7.0
IV. Q=AebH 8.0
V. Q=ay+a;In(H) 9.0

VI.  Q=a[h—hy]? 10.0
2.8 Error Function Test

The error functions are used to support interpretation of
the results in single estimations. In this study, the judgment of
the parameter fit is often obtained by a combination of visual
inspection of the graphical display of the estimations and by the
use of equation (3.30). The estimated discharge is an important
guidance in model calibration.
The 12 coefficient represented in equation (3.30) indicates the
correlation between observed and estimated flows and gives a
measure of the correctness of the model (Saelthurn, 1995).

2 1 _ Z(Qobs_Qest)z

11.0
Z(Ql:lbs_Qobsavera\ge)2

Where; Qobs is the observed discharge in m®/s, Qe is the esti-
mated discharge in m3/s; and Qobsaverage iS the average of the ob-
served discharge values in m3/s.

2.9 Hypotheses Test

In order to establish an effective relation between stage and
discharge, the following null hypothesis and alternative hy-
pothesis are tested.

L. Null hypothesis (Hy): There is no significant relation-
ship between stage (water level) and discharge in each
of the study area.

II.  Alternative hypothesis (H.): There is a significant rela-
tionship between stage (water level) and discharge in
each of the study area.

2.10 The Rejection Rules are (for significance level a)

In this research, the significance level of alpha (a) which is
our acceptable risk (probability) of rejecting a true null hypoth-
esis is 5% (0.05). Therefore, our confidence level would be 95%
(0.95) which is 1-a.

In other to determine whether or not we can reject the null
hypothesis in favour of the alternative hypothesis, the follow-
ing condition must be ascertained;

1. We reject Ho: p = 0 in favour of Ha.: p # 0 if;

h>t2,n—2 12.0
2. Calculate the p-value, and reject Ho: p = 0 in favour of

Ha: p # 0 if;

P-value<a 13.0

3 RESULT AND ANALYSIS
3.1 Result of Mass Curve Analysis

Table 1 showed the estimated missing annual discharge data
for Baro Hydrological station that were estimated using the
mass curve analysis, the estimated annual discharges were
marked with asterisk (*) indicated that for the given hydrologi-
cal year (i.e. 2003 - 2005) there were no available record for stage
and discharge data.

TABLE 1
MISSING DATA FOR STAGE AND DISCHARGE AT BARO

S/N  Year Stage (m) Discharge (m?3/s)
1 2003 1116* 745033*
2 2004 861.7% 560146*
3 2005 820.3% 530562*

3.2 Result of Consistency Analysis
Consistency analysis of Mean Annual Stage and Discharge
for Baro

Table 2 showed the result of consistency analysis of the mean
annual stage and discharge at Baro, Lokoja station of River Ni-
ger. The deviation mean expressed in percentages are in
bracket. The subsets of 25 years show that the stage and dis-
charge at this location is time homogenous and time homoge-
nous series are purely random and stationary. The subsets of 10
years are equally consistent and homogeneous for the long term
mean for stage and discharge. It is clear that the interaction of
stream Stage and stream discharge exhibited common profile
i.e. the year of maximum stage depth is the same year of maxi-
mum discharge and the year of minimum stage is also the same
year of minimum discharge.

TABLE 2
COMPARISON OF SUBSET MEANS WITH LONG TERM MEAN OF
STAGE AND DISCHARGE FOR BARO

Dis- Ccv for CV for Dis-
Term Stage charge Stage charge

Long Term 1010.5 693907.6 28.22% 34.19%
1st (10 Years) 1254.4 850142.3
(24.14%) (22.52%)
2nd (10 Years) 980.8 6781725
(-2.94%) (-2.27%)
3rd (10 Years) 789.5 564700
(-21.87%)  (-18.62%)
4th (10 Years) 965.3 675410.5
(-4.47%) (-2.67%)
5th (10 Years) 1035.8 689063.5
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(2.50%)  (-0.70%)
15t (25 Years) 10371  713868.2
2.63% 2.88%

20d (25 Years) 9732 6691274
(-3.69%) (-3.57)

3.3 Model Set-Up for Baro

Table 3 showed the result of regression analysis, standard error
of estimate (SE) and test of hypothesis using student’s t distri-
bution for each of model 1, 2, 3, 4, 5 and 6 at Baro gauging sta-
tion. The result of the regression analysis showed that model 6
has the highest value of coefficient of correlation (R) and coeffi-
cient of determination (R?) (0.9778 and 0.9561 respectively). The
result of the standard error of estimate of discharge on stage
also, showed that model 6 has the least value of standard error
of estimate of 0.0367 (3.67%) as compared to the other models.
Again, the result of hypothesis test, for 5% significance level,
model 6 has highest t statistic value of 33.31 which was greater
than the T-critical (table value of t) of 2.008. Consequently, the
null hypothesis was rejected in favour of the alternative hy-
pothesis. Also, model 6 has the smallest P-value (2.82E-36) as
compared to other models which is less than 5% significance.
Thus, the null hypothesis was rejected in favour of the alterna-
tive hypothesis with 95% confidence. Established on the asser-
tions from the analysis, Model 6 (modified power model)
should be adopted for prediction of annual discharge at Baro
station and the cumulative annual stage at zero discharge is es-
timated to be 180m which implied that the daily stage at zero
discharge is about 0.5m. The observation made from this anal-
ysis suggested that “hg is a hypothetical value that cannot be
measured in the field but estimated by trial and error optimiza-
tion

The deviation in the coefficient of variation may not be uncon-
nected with other factor such as slope of the river or flow from
another nearby river and the river geometry.

TABLE 3
MODEL PERFORMANCE INDICATOR FOR BARO

R=0.9778

Q = 1883.22(h -

6 180)87%4 R? = 0.9561 0.0367 3331 2.008 2.82E-36

3.4 Model Calibration and Validation

Model Calibration, Validation and Error Function Test for
Baro Gauging Station

Table 4 showed the result of calibration, validation and error
function test for River Niger at Baro gauging station with six
different models using annual observed/estimated discharge
versus annual stage, the coefficient of determination (R?) which
measures the correctness of the model had high and positive
values for model 6 [Q = a(h - hg)°] was 0.9561 this implied that
95.61% of the total estimated variance is explained. The stand-
ard error function test (SE.F) for model 6, which measured of
the variation between the observed discharge and the estimated
discharge had small values of 0.0439 indicates that the regres-
sion model fit the data with an error margin of 4.39%. There-
fore, the result of these calibration, validation and error func-
tion test further confirm that model 6 (modified power model)
should be adopted for the prediction of discharge potential for
Baro gauging station.

TABLE 4
MODEL CALIBRATION, VALIDATION AND ERROR FUNCTION TEST (US-
ING ANNUAL OBSERVED AND ESTIMATED DISCHARGE VERSUS ANNUAL

STAGE CURVE)
Loc. Terms  Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
R? 0.8921 0.8996 0.9426 0.8534 0.8154 0.9561
Baro Sgr 0.1079 0.1004 0.0574 0.1466 0.1846 0.0439

4 CONCLUSIONS

The stage-discharge models in this research were devel-
oped from the annual discharge and annual stage from Baro
gauging stations along Niger River.

Given the main focus of the study, Hydrological (stage and dis-
charge) data for Baro gauging stations were collected and ana-
lyzed using regression model to estimate the potential dis-

Goodness of Standard . . .
M Model's Type Fit (Gr) Error(Se)  tstat  T-Critical  P-Value charge volume from the sub basin. The data included daily se-
ries of stage, and discharge for some periods in which data were
R =0.0445 available for five hydrological stations along the River Niger
Q = 785.62h —
1 99976 RE=08021  70437.80 2053  2.008 258E-26 system. . )
The test for homogeneity and consistency of the stage and
R=09485 discharge records showed that the interaction of stream Stage
Q=0.1778h* — and stream discharge exhibited common profile and are non-
2 42569h—67712  RP=08996 7737245 194 2008 0.058 .
stationary.
R=09709 The application of the six regression models namely; linear,
polynomial of second degree (quadratic), power (geometric),
3 Q=18274n11%0 RE=00426 0,042 2894 2008  260E-33 . oL g
exponential, logarithmic and modified power showed that the
R =0.9238 modified power model should be used in the predictions of an-
nual discharge at Baro gauging stations. This can be justified,
4 QEI7BME®E RI=08534 01542 1723 2008 6SER  gince it was proven with conclusion drawn by other researchers
R 09030 (Boiten, 2000, Herschy, 1999, Rantz, 1982, WMO, 1994, Schmidt,
Q= 2002) who studied the relationship between stage and dis-
664069 In(h) -4E + 1038888 1501
506 RE=08154 1 1 2008 237E-20
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charge and established that the stage discharge relationship fol-
lows a power and modified power model.

The result of calibration, validation and error function test
showed that the coefficient of determination has a very high
and positive value of 0.0561 which indicated that 95.61% of the
total estimated variance is explained.

The standard error function has a small value ranged of
0.0439 indicating an error margin of 4.39. Thus, the regression
model is robust enough to perform satisfactorily in a catchment
such as the Niger River and can therefore be used as a compli-
mentary tool in the estimation of the discharge potential.

Therefore, the research will play an important role in en-
suring that future allocation of water resources in the localities
are scientifically based and efficiently used so as to satisfy the
needs of both human and natural systems.
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