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Abstract

The aim of this paper is to improve the predictive capability of the mixing processes of complex
cooling water system where several discharge sources may interact with large pollutant loadings in a
critical layout like the Nile River. An approach to link validated near-field model predictions to
hydrodynamic far-field simulations was developed. In this strategy, environmental conditions from the
near-field model were used to produce boundary conditions for execution of a suite of far-field
simulations. This is to allow more detailed presentation of the mixing processes. Also, it was found that
one type of hydrodynamic models used to predict the mixing processes delivered highly conservative
plume dilution predictions in and around the outfall site. In this study, a linking approach between the
near-field model "CORMIX" and a far-field model "DELFT 3D" was employed. The results of
"CORMIX" model was used as boundary conditions in the simulation process of "DELFT 3D" model.
As a case study to apply this methodology, the impact of the discharge of heated effluents from diffuser
outfall of the South Helwan Power Plant (planned to be built) into Nile River on the temperature
distribution of the Nile water in the vicinity of the intake structures of El-kureimat Power Plant which
is located 7.5 km downstream of the South Helwan Power Plant was investigated. The model results
show that the thermal plume transport from the outfall of the South Helwan Power Plant will cause a
temperature rise in the vicinity of the intakes of El-kureimat Power Plant of 0.7 °C in the summer time
and an average rise of 1.67 °C in the winter time. Also, the produced mixing zone sizes in the vicinity
of the two power plants are within the limitations stated by the aquatic environmental laws.

Keywords: Near-field, Far-field, CORMIX, DELFT 3D, Mixing Process, Power Plants, Outfalls,
Intakes, Environmental Protection.

1. INTRODUCTION

The hydrodynamics of an effluent continuously discharging into a receiving water body can be
conceptualized as a mixing process occurring in two separate regions. The first region which is close to
the outfall structure is called the near-field region. In this region, the initial jet characteristics of
momentum flux, buoyancy flux (due to density differences), and outfall geometry influence the effluent
trajectory and degree of mixing [10]. The second region, which is the far-field region, the turbulent
plume travels further away from the source. Ambient environmental conditions will control trajectory
and dilution of the turbulent plume through buoyant spreading motions, passive diffusion due to
ambient turbulence, and passive advection by the often time-varying, non-uniform, ambient velocity
field. An extensive survey of these processes has been given by [4, 7, 9, 12 and 15]. The physical
process for the flow discharge in water bodies environment can be seen in Figure (1).
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Figure 1: The Physical Processes of Flow Discharge in Water Bodies' environments [7]

There are several diagnostic and predictive methodologies for testing the mixing of different point
sources and checking its compliance with environmental quality standards [2]. It was found that
deploying typically adopted ‘direct insertion' techniques to simulate the brine discharge within the
hydrodynamic model was problematic. Specifically, it was found that, the direct insertion technique
delivered highly conservative brine dilution predictions in and around the outfall site, and these were
grid and time-step dependent [3]. To improve the predictive capability, a strategy to link validated
near-field model predictions to hydrodynamic far-field simulations was devised. In this strategy,
environmental conditions from the near-field model were used to produce boundary conditions for
execution of a suite of far-field simulations [8, 13].

In this research, a linking approach of a near-field model with the far-field model is implemented. A
case study of South Helwan and El-Kureimat power plants discharging their heated effluents from
several outfalls into the Nile River was chosen to demonstrate the linking approach especially with
complex systems where several discharge sources may interact with large pollutant loadings in a
critical layout like the Nile. The Nile water is not only used for the agricultural purposes but also for
domestic, navigational and recreational purposes as well.

2. OBJECTIVES

The main objective of this research is to deploy a technique that is capable of describing all important
spatial and temporal scales of the mixing processes especially with complex systems where several
discharge sources may interact with large pollutant loadings in a critical layout like Nile River which
serves as the main source for water supply to agriculture, domestic purposes, navigational and
recreational uses in Egypt. This is to verify that the mixing process from point sources complies with
environmental quality standards.

3. CASE STUDY

To achieve the aim of this research, the following activities were carried out:

e  Two adjacent thermal power plants separated by 7.5 kilometers; namely South Helwan and EI-
Kureimat Power Plants discharging heated effluents from several outfalls into Nile River were
chosen as a representation of complex systems in a critical layout.

o Apply a new technique that combines near-field and far-field models to describe with good
resolution the details of physical mixing processes (mass advection and diffusion).

e Checking the compliance of the mixing process results with the environmental quality
standards.
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4. DESCRIPTION OF THE COOLING SYSYTEMS OF THE POWER PLANTS

4.1. Cooling System of El- Kureimat Thermal Power Plant

EL-Kureimat Power Plant is located on the East Bank of the Nile River, approximately 95 kilometers
south of Cairo. It comprises two 628 MW gas/oil fired units and two combined cycle (I and Il) with
power generation capacity of 750 MW each. Each module of these is composed of two gas turbines 2 x
250 MW at site conditions, and one steam turbine of capacity 250 MW. The cooling system is operated
according to the once-through cooling water cycle. It consists of intake structures and outlet structures.
The intake structures are attached to the right bank of the Nile River in front of a small sand bar, while
the discharge structure of the combined cycle unit 11 is located on the west side of the sand bar. All
other discharge structures are located on the East Bank of the Nile River downstream the intake
structures. Figure (2) shows the arrangements of both the intake and outfall structures of EL-Kureimat
Power Plant cooling system with respect to the Nile River. Also, Tables 1 and 2 present the
characteristics of the intake and outfall structures respectively. The cooling system discharge varies
according to the operational conditions of the power plant. While, the river flow conditions at the
cooling system vicinity vary along the year. The flow and the flow depth values fluctuate between the
low winter flow conditions and the maximum summer flow conditions.

Figure 2: The Layout of El-kureimat Power Plant and South Helwan Power Plant
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Table 1: Characteristics of Intake Structures of El Kureimat Power Plant

Type wits | e Qe my || St Level
- () (m) +MSL
Steam 2 628 2028 | 27 (17.50)
Combined || 2 750 136|376 (18.50)
Combined || 2 750 136|376 (18.50)

Table 2: Characteristics of Outfall Structures of El Kureimat Power Plant

Type Units E’I\‘jl"\‘,’f,’)” i At (°C) | Quuw (m¥s) || Width (m)
Steam 2 628 10 40.28 17
Combined 1 750 8 13.6 8
Combined 1 750 8 13.6 8

4.2. Cooling System of the South Helwan Thermal Power Plant (SHTPP)

A new power plant; South Helwan Thermal Power Plant (SHTPP) is planned to be built. The capacity
of the plant is 3x650 MW and will be located about 7.5 km upstream of EI-Kureimat Power Plant at the
right bank of the Nile River. The plant will use the Nile River water for its once-through cooling
system of the steam turbine generator. Water for cooling will be abstracted from the river through the
plant intake. The effluents will be discharged back to the river through the outfall structure. The
cooling system of the power plant consists of the intake and the outfall structure. The outfall structure
of the plant is designed as a diffuser discharge with 75 ports of 0.7 m diameter each. The total effluent
discharge is 75 m3/s with excess water temperature of 8° C above the ambient water.

4.3. The Flow Condition of the Nile River in the Vicinity of the Power Plants

The Nile River flow rate fluctuates between 2245 m*/s and 550 m®/s in the summer and winter periods
respectively. Also, the ambient water temperature is 28° C and 15° C in the summer and winter periods
respectively.

5. EFFLUENT DISCHARGE MODELS

Regions with multiple current regimes (inertial or buoyancy driven) and with large pollutant loadings,
especially where several sources may interact and additional diffuse sources may exist; near-field
models must be supplemented by larger-scale (far-field) transport and water quality models. The latter
are capable of prediction over greater distances in the water body of the concentration distributions for
different pollutants. They do not, however, have the high spatial resolution that is required to predict
near-field mixing processes which necessitates the approach of combined modeling to be utilized

5.1. Near-Field Model

The near-field focused expert-system CORMIX [1, 11 and 14] was chosen because it addresses the full
range of discharge geometries and ambient conditions, and predicts flow configurations ranging from
internally trapped plumes, buoyant plumes in uniform density layers with or without shallow water
instabilities. Boundary interaction, upstream intrusion, buoyant spreading and passive diffusion in the
intermediate field are also considered.

Nile Water Science & Engineering Journal, Vol. 8, Issue 1, 2015 12



Combined Near-field and Far-field Models to predict Mixing Processes of Complex Cooling Water System

5.2. Far-Field Model

The velocity field and the pollutant concentration field may be obtained using a number of public
domain or commercial codes that are available at present to aid in the prediction and engineering
design of effluent discharge schemes. In this study DELFT3D model, which is developed by Deltares
[5 and 6] was chosen as a modeling tool for the following reasons:

e Hydrostatic pressure assumption: The water depth is assumed to be much smaller than the
characteristic horizontal length scale. Thus, the shallow water depth assumption is valid and
the vertical momentum equation is reduced to the hydrostatic pressure equation.

e Boussinesq approximation: Density changes are neglected except when the density is
multiplied by gravitational acceleration, thus retaining the important stratification (i.e.
buoyancy) effects.

e The equations are formulated in orthogonal curvilinear co-ordinates or in spherical co-
ordinates on the globe.

e The following effects are included in the Delft 3D model: tidal forcing, Coriolis force, density
driven flow, advection—diffusion solver, wind and atmospheric pressure, advanced turbulence
models to account for the vertical turbulent viscosity and diffusivity.

6. COMBINING NEAR- AND FAR-FIELD MODELS

The recommended procedure to incorporate the near- field model with the far- field model is based on
a simple approach which consists of the following steps: calibration has to be done using existing field-
data, near-field mixing and transport modeling, intermingle both the far-field and the near-field models
and far-field transport modeling with Delft 3D. The following approach was recommended by [8]
based on the following linking algorithm.

e Set up the field measurements (velocity and temperature fields) as input for the near-field
model.

o Near-field modeling with CORMIX.

e Analyze and prepare the near-field model results as input for the far-field model.

e Far-field modeling with DELFT 3D.

7. NEAR-FIELD MODELING OF SHTPP’S OUTFALL WITH CORMIX

CORMIX is a mixing zone model for the assessment of near field dilution and mixing zones resulting
from continuous point source discharges such as the diffuser outfall. In this research, CORMIX is
employed using the baseline time-series as input files. The proposed outfall is parallel to the river bank
with a 150 m diffuser that has 75 evenly spaced ports. The ports are arranged in a staged diffuser
configuration, staggered at an angle of 40° with the center line to allow for maximum dispersion of the
effluent. Figure (3) shows the configuration of the intake and outfall structures of the South Helwan
Thermal Power Plant. Furthermore, effluent data and the diffuser geometry have to be specified. The
parameters used in CORMIX model are listed below (case of summer flow):

Average depth of diffuser 6 m

Average depth in Area downstream 7 m

Ambient current velocity1.123 m/s

Wind speed 0 m/s (calm condition)

Bottom friction Manning’s N 0.028

Ambient water temperature 28 °C

Diffuser distance offshore 5 m (parallel to the right bank)
Port diameter 0.70 m

Riser height 1.0 m

Staged diffuser configuration, Gamma = 0, Theta = 0, beta = 45, and perpendicular to current
Sigma = 45

Number of ports 75

e Port spacing 2.03 m (150 m length / 75)
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Abstract

Chemical hydrograph separations of stream discharge are commonly used to determine the fractions of
old and new water contributing to the stream flow. The aim of this study is to estimate the contribution
of water from surface and subsurface runoffs. Furthermore other researches could compute the volume
of water from the two components, which will facilitate the management of damaging floods appearing
regularly in the Nyabugogo swamp area. Two rain events of 17" May and 06™ June 2014 were
analysed. Hydrochemical tracers such as Chloride (CI") and dissolved Silica (SiO,) were used to
quantify the dominant runoff generation process in the Nyabugogo swamp and a hydrograph separation
was conducted during two events. Results showed that the contribution of subsurface runoff is more
important than the one of surface runoff, 65.3 % and 34.7 %, respectively. In urban areas like Kigali
city, where Nyabugogo swamp is located, one could think that surface runoff should be more important
than subsurface runoff, but this was not the case. The hydrochemical tracer concentrations revealed a
relationship of river water and ground water confirming the importance of subsurface contribution to
the stream flow. These results could contribute to the water resources management, infrastructure
planning and design of Kigali city.

Keywords: Hydrograph separation, runoff generation, stream flow, hydrochemical tracer, Nyabugogo
swamp.

1. INTRODUCTION

Runoff processes are pathways that water can take when moving downbhill to streams after rain or snow
melts. The use of environmental isotopes in combination with hydrochemical tracers and hydrometric
measurements can help to gain further insights into hydrological processes including runoff process
because the methods separate and quantify different runoff components during rainfall events
(Wenninger et al., 2008; Munyaneza et al., 2012). In general, hydrochemical hydrograph separation of
stream discharge is commonly used to determine the fractions of surface/subsurface or old/new water
contributions to stream flow (Richey et al., 1998). Standard two-component mixing models of Sklash
and Farvolden (1979) are used for hydrograph separations, in which the stream water is divided into
old (pre-event) and new (event) water components. However, Kennedy et al. (1986) found that
hydrochemical tracers could be used to separate stream flow into runoff components according to their
flow paths.

Unfortunately, few recent studies on the application of two-component hydrograph separation models
which improved our understanding on hydrological processes in semi-arid areas in Sub-Sahara Africa
where Rwanda is also located; were conducted (Mul et al., 2008; Hrachowitz et al., 2011; Munyaneza
et al., 2012). Munyaneza et al. (2012) used hydrometric and tracer methods to identify the runoff
generation processes in the meso-scale Migina catchment in Rwanda. They found that subsurface
runoff is dominating the total discharge during flood events where more than 80% of the discharge was
generated by subsurface runoff for two rainy seasons “Itumba” (March—May) of 2010 and 2011. The
Migina catchment which is located in southern Rwanda was found to be dominated by Agriculture
activities with about 92.5% (Munyaneza et al., 2011) but the hydrochemical tracer studies can be also
applied in urban areas where floods disaster are observed (Zagreb, 2013).

In Rwanda, regular flooding occur along the Nyabugogo flood plain near Kigali causing major
disruption of the circulation on the 'Avenue des Poids Lourds' in Gatsata sector and inundation of
properties in this market area (SHER, 2013). From a recent study of SHER (2013) on the Flood risk

! Corresponding author. Address: University of Rwanda, Department of Civil Engineering, P.O. Box 3900, Kigali,
Rwanda. Dr. Omar Munyaneza, E: o.munyaneza@ur.ac.rw / munyoma2000@yahoo.fr; Tel: +250 788560783
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mitigation strategies, recommendations have been proposed. Storage and retention in Nyabugogo basin
upstream of the Nyabugogo floodplain was one of the main recommendations. It is in this regards that
a quantification of the runoff components is of utmost importance.

Hydrochemical tracers, such as Ca®*, Mg, SO, CI" and Silica (SiO,) are relatively inexpensive to
analyse and easy to use for hydrograph separation (Ribolzi et al.,2000; Soulsby et al., 2004; Tardy et
al., 2004; Wels et al., 1991). The understanding of dominant runoff process and the ratio of old and
new water contribution to the stream flow will help in further research for flood mitigation strategies in
the Nyabugogo flood plain.

The objective of this study is to quantify runoff components and processes using hydrochemical tracer
studies in the Nyabugogo swamp. Natural hydrochemicals can be used to separate runoff components
using mass balance for the tracer fluxes and water (Sklash et al., 1979). The understanding of dominant
runoff process and the ratio of old and new water contribution to the stream flow will help in further
research for flood mitigation strategies in the Nyabugogo flood plain.

2. STUDY AREA

The Nyabugogo swamp which is part of the Nyabugogo catchment (1,647 km?) is located between
1,354 m and 2,278 m above sea level. . The swamp covers a total area of 220 ha and a perimeter of 16
km (Fig. 1).

The Nyabugogo flood plain area collects the flow from the Nyabugogo river as it winds down its way
from Muhazi Lake. Muhazi lake buffers about half of the catchment area and from some smaller but
heavily urbanized catchments such as the Rugunga (Gikondo and Kigarama neighborhoods) and the
Mpazi (Nyamirambo). The floodplain drains into the Nyabarongo river through a narrow valley where
several small tributaries (including the Yanze River with a catchment of just about 10 km?) increase
peak discharges from 15 m¥s to about 25 m*/s (SHER, 2013).

KIGALI CITY
Kitumba Nyabugogo swamp location

Area : 220Ha
Perimeter: 16 km G

® UTEXRWA
nyabugogo

------- riviers_from utexrwa

Myabugogo swamp

Nyabugogo sw amp

Figure 1: Location of the Nyabugogo swamp within Kigali City (Munyaneza et al., 2013).

Figure 1 shows the Nyabugogo swamp within Kigali City. The wetland covers both rural and urban
areas. (Munyaneza et al., 2013).

The major land use activity in the wetland is agriculture, which occupies about 897 km? (about 54%) of
the wetland and is mostly of temperate and equatorial type with the average temperature ranging
between 16°C and 23°C, depending on the altitude of the area (Munyaneza et al., 2013).
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3. METHODOLOGY

3.1 Data Collection

Data were collected during a period of six months, from 15" January to 15" July 2014. Samples of the
Nyabugogo river, groundwater and rain water were collected. More attention was brought on two rain
events of 17" May and 06" June 2014 of which hourly samples was taken at the Mirimo Bridge.
Samples were analyzed in the lab for hydrochemical tracers. The hydrochemical parameters measured
include Electrical conductivity (E.C), Chloride (CI), Sulfate ( SO.%), Silica (SiO,), Sodium (Na*),
Potassium (K*), Magnesium (Mg?*) and Calicium (Ca®"). Hydro-meteorological instruments including
3 piezometers for groundwater monitoring, 3 river gauging stations and 1 rain gauge were installed in
the Nyabugogo swamp during this research implementation to facilitate the data collection. Stream
water samples were collected every day at the same hour (10h00’), ground water and rainwater were
collected every two weeks. After collection, samples were kept in a cooler box to avoid their
deterioration at 0 °C.

3.2 Field and Laboratory Methods

In-situ measurements have been continuously conducted at the outlet of Nyabugogo wetland for
electrical conductivity (EC) using a Hanna Gro'Chek Portable EC-meter (HI9813-0). Stream,
piezometers and rain water samples were collected in 50 ml plastic bottles. Samples were collected
during low flows and flood events.

All the samples from ground water, rain water and stream water were analyzed in the laboratory of the
University of Rwanda (UR), Huye campus. Natural tracers have become a commonly used method in
hydrograph separation (Wels et al., 1991, Ribolzi et al., 2000; Soulshy et al., 2004; Tardy et al., 2004).
Dissolved silica (SiO,) using a spectrophotometer CECIL/CE 2041, 2000 series. The concentrations of
major cations like Mg?, Ca?*, Na* and K* were determined by Atomic Absorption Spectroscopy
(AAS). The concentrations of major anions like SO,* were determined using a Hach-DR/890
Colorimeter whereas CI~ was measured using a spectrophotometer DR/2000/Hach.

3.3 Method for Runoff Components Quantification and Process

For the purpose of quantifying the runoff processes we conducted a hydrograph separation that is a
method used to separate runoffs in two or more components (end-members). This method is based on
the mass balances for tracer fluxes and water (Bohte, 2010). During the two investigated flood events
(17" May and 06™ June 2014), the water levels were measured continuously at Mirimo river gauging
station using automatic recorders (Mini-Diver; DI501) and transferred to discharges using rating
curves. The automatic recorder (diver) that was installed at the site to record water level has been
stolen during the period of data collection after four months. Fortunately, Munyaneza et al. (2013) had
generated rating curve of Nyabugogo river using data collected from 2011 to 2014 and the discharge
data provided by the RNRA. However, the following Equation 1 between discharge and water levels
(rating curve) have been found:

(Q =0.2052 * WL - 0.421) 1)
In this study, quantification of runoff components has been done using hydrochemical tracer method.

Instantaneous old and new water contributions to stream flow were calculated at any time using the
mass balance equations for the water and isotopic, chemical, and ionic fluxes in the stream:

_ (Cs _Cn)
QO - (Co _Cn)Qs @
Qn = Qs _Qo 3)

where Q is the discharge, C is the tracer concentration, and the subscripts s, 0, and n correspond to the
stream, old water and new water, respectively (Sklash et al., 1976). Hydrochemical tracers such as
Ca®*, Mg?*, SO*,, Cl ~ and dissolved silica (SiO,) are relatively inexpensive to analyse and easy to use
for hydrograph separation (Ribolzi et al., 2000; Soulsby et al., 2004; Tardy et al., 2004; Wels et al.,
1991) and have been adopted in this study for runoff component quantification.

Surface runoff can be generated either by rainfall, snowfall or by the melting of snow, or glaciers. In
areas where there is no snow like Rwanda, runoff will come from rainfall. But not all rainfall will
produce runoff because storage from soils can absorb light showers. However, to conduct the two-
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component hydrograph separation, we used dissolved silica (SiO,) and Chloride (CI"). As mentioned
above two rain events of 17" May and 06" June 2014 were considered. Chloride (CI') salts are highly
soluble. CI" is also relatively free from effects of exchange, absorption, and biological activity (Davis,
1966). Thus, CI" is believed to be the most chemically inert ion in the system (Neal et al. 1988), and is
seen as the conservative tracer in groundwater. Dissolved silica (SiO,) was chosen because of the
difference in concentrations of the pre-event water and the event water.

The concentration of old water is considered to be similar to the one of the pre-event water and the
concentration of new water is considered like the one of rain water (Sklash et al., 1976). The same
method has been used by Munyaneza et al. (2012) in one of Rwandan catchments called Migina which
is located in the southern part of the country.

4. RESULTS AND DISCUSSION

4.1 Results of Hydrochemical Tracer Studies

The results of the parameters measured are shown in Table 1. The table shows the results of river
discharge, ground water, rain water and event samples. The values presented in Table 1 correspond to
the average concentration of all samples for each parameter.

For the two rain events of 17 ™ May and 06" June 2014, chloride (CI) and dissolved silica (SiO,) have
been used for hydrograph separation (see Table 2) due to their variations in concentrations observed
during two investigated flood events (Munyaneza et al., 2012).

Table 1: Average concentration of measured parameters.

Parameters . + . . +
E.C cr S0 | SiO;, Na K Mg? ca’

(us/icm) (mgl/l) (mg/l) | (mg/l) (mg/l) | (mg/l) | (mg/l) (mg/l)

River  water

(n=55) 271.0 2.4 173 [164 |33 135 |91 11.0
S]r:o;%d WRLer | 764.6 5.1 223 | 165 |37 4082 |88 31.0
gﬂg) WaLer | 224.7 191 |[ND |[ND 192 [286 [213 |262
Event-

17/05/2014 2.4 11

(n=24)

Event-

06/06/2015 8.6 17.4

(n=24)

n represents the number of samples.

Table 1 shows the concentration of hydrochemical tracers measured during the observed period (15"
January to 15" July 2014). The results show that the concentrations of most of the chemical
components in river water are related to the concentrations of groundwater. The examples can be seen
on dissolved silica (16.4mg/l and 16.5mg/l), sodium (3.3mg/l and 3.7mg/l) and manganese (9.1mg/I
and 8.8mg/l) concentrations for river water and groundwater, respectively.

Table 2: Concentration of dissolved silica and chloride for the two investigated rain events.

17-05-2014 Event 06-06-2014 Event

SiO, (mg/l) cI (mg/l) SiO, (mg/l) CI (mg/l)
Co 15.06 3.3 14.637 14.4

C, 4.329 0.4 24.608 0.6
C, and C, denote tracer concentrations of old water and new water, respectively.
Table 2 shows a difference in concentration of Silica and chloride for “old water” and “new water”.
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Below are figures 2 to 4 that show the results of hydrograph separation based on dissolved silica and
chloride for two rain events of 17" May and 06™ June 2014.

In general, the two-component hydrograph separation model using dissolved silica and chloride led to a
dominating proportion of subsurface contribution (up to 65.3%) as shown in Fig. 5.

12 4
N R—/\
= 87
-
£
g" 6 - Qs
© -
S ”r \\ ==+==0n
o N -
o |
4 ' "v..,.\\ Qo
! - =4, ,.’ \\
/ Se-e . P NS
2 41 \\ ’ Yl e
I " v
!
4

12 2 456 7 8 9101112121415161718192021222324
Hour of 17t May 2014

Figure 2: Hydrograph separation based on dissolved silica (SiO,) for the event of 17" -05-2014.

Figure 2 shows the hydrograph separation based on dissolved silica for the event of 17" May 2014. In
this figure Q denotes the discharge and the subscripts s, 0, n denote respectively the stream, old water
and new water. The subsurface water dominates surface water with 62.1% against 37.9%. At the
beginning of the event, from hour 3 to hour 7 the contribution of overland flow dominates the

contribution of ground water.

Figure 3 indicates the hydrograph separation based on chloride for the event of 17" May 2014.The
subsurface water dominates surface water with an average of 70.3% against 29.7%.

12 4
10
A1
-4
— 8 \ AN
) \ 7’ Ay
-~ L "..--v-.‘ 0-__\
E \ '] ~ ~
- | ’ Sey 40w
w 6 \ / (S N Qs
= 4 ! \
b ' g \ 7 \
_E “ 7 \ --‘--QO
" o /! ‘ P hg
E of
/
4 ‘\ Y, an
7
\
»
oy
2 v
0

12 2 456 7 8 9101112121415161718192021222324
Hour of 17t May 2014

Figure 3: Hydrograph separation using chloride (CI') for the event of 17" -05-2014.

Figure 3 shows that from the 4" to the 7™ hour, the contribution of surface runoff is more important
than the contribution of ground water and later becomes more and more less important. Q denotes the
discharge and the subscripts s, 0, n denote respectively stream flow, old water and new water.

The two-component hydrograph separations based on dissolved silica and chloride for event of 6" June
2014 showed the similar results as the separations for event of 17" May 2014 (Fig. 4).
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Figure 4: Two-component hydrograph separations based on dissolved silica (a) and chloride (b)
for subsurface and surface runoff for event of 6™ June 2014.

Figure 4 shows that the contribution of subsurface runoff dominated the contribution of surface runoff
for both separations based on dissolved silica (Fig. 4a) and chloride (Fig. 4b). Q denotes discharge and
the subscripts s, 0, n denote respectively stream flow, old water and new water.

For the event rain of 17" May 2014 subsurface runoff contributed 62.1 % and 70.3 % using dissolved
silica and chloride, respectively (Fig. 5). For the event rain of 06™ June 2014 subsurface runoff
contributed respectively 71.9 % and 56.9 % using dissolved silica and chloride as shown in the same
Fig. 5.
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Figure 5: Contribution of subsurface water (Old water) and surface water (New water) to the stream in
percentage for the monitored events of 17" May and 6" June 2014
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4.2 Discussion on Quantification of Runoff Components and Processes

Streamflow hydrograph separations were initiated using dissolved silica and chloride as tracers due to
their variations in concentrations detected during the two investigated rain events (Munyaneza et al.,
2012). Munyaneza et al. (2012) used the same method in the meso-scale Migina catchment in Rwanda.

The two-component hydrograph separation model using dissolved silica and chloride led to a
dominating proportion of subsurface contribution (up to 65.3 %) (see Fig. 5).

The hydrograph separation of the rain event of 17" May 2014 using dissolved silica shows that at the
beginning of the event there has been a great increase of new water as the contribution of overland flow
to the stream. This was most likely due to the impervious area covered by the rain. However, the total
contribution of old water dominated the one of new water, 62.1 % and 37.9 %, respectively (Fig. 2 and
Fig. 5). The important contribution to the peak discharge does not correspond to the new water as one
could think considering an urban area where the Nyabugogo swamp is located with important
impervious layer. Old water has important contribution (62.1 %) to the peak discharge; this behavior
could be explained by the partial coverage of the rain to the catchment. The rain has covered a big part
of the swamp where infiltration has been more important than overland flow before entering the river.
This is especially land covered by vegetation. However, this groundwater recharge during the wet
seasons leads to a perennial Nyabugogo river system.

Based on chloride concentration, the hydrograph separation of the same event of 17" May 2014 has
shown almost similar results. The contribution of old water is greater than the contribution of new
water, 70.3 % and 29.7 % respectively. Recent research in hill slope hydrology involving tracers,
especially in humid catchments like Rwandan catchments, has found that the dominant contributor to
the storm flow in the stream is old water (averaging 75 % worldwide, Buttle, 1994). At the peak
discharge subsurface water has more contributed to the steam water than surface water. This should be
probably explained by the rain which has been observed to cover areas with vegetation where the
infiltration rate is high (Van den Berg et al., 2010 and Munyaneza et al., 2011).

Munyaneza et al. (2012) did a similar study in Rwanda to quantify the runoff components and to
identify the dominant hydrological processes in the meso-scale Migina catchment using hydrometric
data and modern tracer methods. They found that over 80 % of the discharge could be attributed to
subsurface runoff while the remainder was due to faster surface runoff processes. The high percentage
value of subsurface runoff contribution of the Migina catchment can be explained by the fact that the
infiltration rate is high in a rural catchment where agriculture is the main activity (Munyaneza et al.,
2011). Nyabugogo catchment is an urban catchment, the reason why the subsurface runoff contribution
was reduced compared to the findings of Munyaneza et al. (2012).

Some other studies also concluded that ground water contribution to storm runoff is dominant in
different and hydrogeologically diverse watersheds (e.g. Pinder and Jones, 1969; Sklash and Farvolden,
1979).

The hydrograph separation of the rain event of 06™ June 2014 based on dissolved silica shows an
important contribution of " Old water" to the stream water without any increase of the total discharge.
This could only be explained by the recharge of ground water from the stream (Simmers et al., 1997).

5. CONCLUDING REMARKS

This study has tested the applicability of tracer methods to identify the dominant runoff generation
processes in the Nyabugogo swamp. The two components hydrograph separation models using
hydrochemical (dissolved silica and chloride) tracers show that rigorous water sampling (hourly)
during events is essential.

The dominant runoff process is a subsurface runoff compared to surface runoff, 65.3 % and 34.7 %
respectively (Fig. 5). The relationship of most of the hydrochemical tracers concentration of ground
water and stream flow confirmed the important contribution of subsurface runoff to the stream flow
(see Table 2). This could let us think that, even if the Nyabugogo flooding plain is in an urban area, the
surface runoff could not be the dominating process even in flooding events due the fact that the rain has
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covered essentially areas with vegetation before entering the Nyabugogo river where the infiltration
rate is high.

The results of this study demonstrated some important ground water recharge from river water. This
behavior has been observed with the absence of streamflow raise after heavy rainfall. Nyabugogo River
is characterized by a permanent river system undoubtedly because of the important ground water
recharge during the rainy seasons (Fig. 5).

For both rain events of 17" May and 06" June 2014, no floods were observed. The daily amount of
rainfall was 8 mm and 11 mm, respectively. More attention should be brought to events of intensive
rainfall to assess if the contribution of surface and subsurface runoff remain as the same as the one of
light rains. Further researches are needed to estimate the volume of water for floods mitigation purpose
in the Nyabugogo flooding area.
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