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ABSTRACT

The aim of this work is to apply 3D hydrodynamic model ELCOM (Estuary and
Lake Computer Model), combined with water quality model CAEDYM
(Conceptual aquatic environment dynamic) model to Sau reservoir. This study
is an attempt to get an idea about the effect of river water inflow dynamic on
water quality in daily time scale. Simulation takes place in summer period in
stratified conditions and has been undertaken for approximately one week
starting in the end of July of the 2005. This, study may contribute for future
investigation and environmental consequences of water quality in Algerian
Reservoirs.

Key-words: Hydrodynamic, dissolved oxygen, water quality.
RESUME

Le but de ce travail est d’appliquer un modéle hydrodynamique en trois
dimensions (3D) ELCOM (Estuary and Lake Computer Model) en combinaison
avec un modele de qualité d’eau CAEDYM (Conceptual aquatic environment
dynamic) pour un réservoir Sau situé¢ en catatonie (Espagne). Cette étude est un
essaye d’avoir une idée sur I’influence du mouvement des eaux de la riviére Ter
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en entrant dans le réservoir sur les qualités de I’eau. Les simulations ont été
prise lors de la période de stratification approximativement une semaine
débutant a la fin de juillet. Cependant, cette étude peut contribuer pour des
futures recherches a savoir les conséquences environnementales dues a la
qualité des eaux dans les réservoirs algériens

Mots-cles: Hydrodynamique, oxygéne dissout, qualité des eaux.

INTRODUCTION

It is very common for water flowing into reservoirs to be either denser or less
dense than the receiving water. These density differences can result from
temperature variations or different suspended or dissolved solids concentrations.

When water of higher density flows into an ambient water body of lower
density a plunging inflow is produced. As the denser water flows into the
ambient body of water, it pushes the lighter, ambient fluid ahead (Akiyama and
Stefan, 1984). The buoyancy force generated by pushing the lighter water back
into the reservoir retards the momentum of the inflowing water. Eventually the
momentum of the inflowing water is reduced to the point that its excess
gravitational attraction becomes dominant and the denser water then plunges
beneath the surface of the ambient water and finally flows as a density current
along the inclined bottom of the reservoir. The water will flow along the bottom
as a density current downward to the level of neutral buoyancy or to the bottom
of the basin. Neutral buoyancy occurs when the densities of the flowing current
and the ambient fluid at the depth of the flowing current are equal. At that time
the density current will separate from the bottom and insert itself into the body
of the ambient water. The review article by (Alavian et al, 1992) provides a
good description of the processes.

Entrainment and mixing of the ambient water into the dense, inflowing water
stream occurs both in the region of the plunge and after the flow has assumed
the form of a density current. Processes of entrainment into density currents are
well suited to laboratory studies and have been studied extensively for
comparatively simple cases, (Savage and Brimberg, 1975) and (Akiyama and
Stefan, 1984). Entrainment and mixing within the plunge zone has received less
attention, although it is estimated that up to 80% of the total entrainment can
occur in the plunge, (Ford and Johnson, 1983).

Sau reservoir is river valley reservoir (Fig.1) receiving water from Ter river
inflow.
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Sau Ter Inflow dynamic has been investigated by a team leaded by (Armengol
et al, 1994) of the university of Barcelona to see how river Ter behaves when
enters Sau reservoir. So this team has studied the long term longitudinal
processes associated with the river circulation in the Sau reservoir. In winter,
the inflow temperature is lower than that of the reservoir resulting in an
underflow. This deep flow continues until February, when the river temperature
rises faster than the surface water of the reservoir, resulting in an overflow.
From February to April-May, the surface flow corresponds to the start of the
spring phytoplankton bloom due to the introduction of nutrients into the photic
zone. The transition between spring and summer is characterized by an
interflow that sinks progressively until mid November when it reaches the
bottom as an underflow.

lacustrine

dam

Figure 1 : Situation of the measuring stations along the Sau Reservoir. The
reservoir has been divided into riverine, transition and lacustrine zones.

2. MATERIAL AND METHODS

The data used here was obtained during a field campaign carried out during the
summer period started from 26™ July to the 3™ August, 2005 (207-215 Julian
days). Meteorological data that was supplied from a nearby automatic station in
the river Ter and from the station placed in the lacustrine part of the reservoir
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(Fig.1). Temperature and nutrients in the river were obtained from an automatic
station located approximately 5 km upriver. Temperature, inflow outflow, and
phosphorous, dissolved oxygen are displayed in Fig. 3.

NUMERICAL MODELLING

Numerical model used here is 3D hydrodynamic model ELCOM which was
developed in the Water Research Centre of the University of Western Australia.
(Laval, and Hodges, 2000), (Hodges, 2000) and (Hodges and Dallimore, 2006).
ELCOM is used for predicting the spatial and temporal distributions of
temperature, density and salinity.

Ecological model CAEDYM (Hipsey et al, 2005) and (Schladow, et Hamilton,
1997) is a water quality model that can simulate the dissolved oxygen, nutrients
and chlorophyll, in the reservoirs, when is combined with the hydrodynamic 3D
ELCOM. In Sau reservoir ELCOM-CAEDYM was configured to simulate only
one phytoplankton group which is cyanobacteria (Fig. 2), together with,
phosphorus and oxygen dynamics. CAEDYM was the same model used on
combination with 1D Dynamic Reservoir simulation model DYRESM to
simulate temperature dissolved oxygen, phosphorus and phytoplankton in Sau
reservoir (Romero et al, 2007) and (Takkouk et al, 2015).

The main equations used in CAEDYM for dissolved oxygen, phosphorous and
chlorophyll are shown in Table 1. CAEDYM

The simulated period is 05 days starting from the day 206.5 of the year 2005.
Our goal is to understand how the spatial and temporal evolution of dissolved
oxygen, phytoplankton and nutrients due to the river dynamic. It is well known
that certain algal blooms may be harmful especially in reservoirs that could be
transported in water and might be used for supplying drinking water to
inhabitants. As the initial concentrations, for the dissolved oxygen, dissolved
inorganic phosphorous, chlorophyll were unknown, we only try to know how
dissolved oxygen, phosphorus and chlorophyll will respond to a highly dynamic
system. Also, we will evaluate the ecological response of the model to the

inflow dynamics. The main parameters used in the model are summarized in
Table 2
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Table 1 : Main equations used in CAEDYM
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The hydrodynamic model ELCOM was run using a uniform horizontal 20 x
20m grid, with a previously straightened bathymetry (Hodges et al, 2000) and
(Imberger, 2001). Different cell sizes were used in the vertical plane with high
resolution (0.25m cells) in the first few meters and increasingly lower resolution
(up to 1m cells) in the deeper layers.
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Table 2 : Main parameters used in CAEDYM

Parameter | Value | Description

Dizsolved Oxygen
F30D 032 | Static DO consumption by sedmments (gDOm2 per day)
XDos 0.3 DO 12 saturation constznt for sediment oxvgen demand (megDO1-1)

Dizsolved Inorganic Carbon

¥P-chia 03 Fixed zlgal P to chla ratio (mg P (mg chla)-1)

FOF 0010 | Astobic POP minerslization rate (per day)
kAP 0003 o+ Anzerobic POP mimeralization rate (per day)
P 01 Setlmg velocity of POP (m per day)
3P 0.003 | Maximum FRP sediment flux (g Pm-2 per day)
EGQP 30 . . .
DO 1.2 saturation constant for POP mineralization (mgDOl1-1)
Chlorophyll
Eri 0.0% | Respiration rate coefficient (per day)
Vi 001 | Algal setilmg velecitiss (m per day)
i 12 Maximum specific growth rate at 20 °C (per day)

108 | Temperatrs multiplier for temperature limitation of phytoplankton growth
219 | Coeffictent for temperzture lmitation function for phytoplankton (dimensionless)

a 30.0¢ | Coefficient for temperature limitation fimction for phytoplankton (dimensionless)
B 0.182 ¢ Coeffictent for temperature limitation function for phytoplankton (dimensionless)
Epi ) Half-saturation constant for phosphors uptzks (mg m-3)

FEni 30 Half-saturation constant for nirogen uptzke (mg m-3)

Tki 300 | Irradiance parameter for non-photomhibited phytoplankton growth (pEm-2 s-1)

4. SIMULATION AND RESULTS

The inflow dynamics is governed by the density difference between the river
and the reservoir, while temperature is usually the main factor controlling
density. The river temperature is highly dependent on the air temperature,
quickly responding to short term variations in the latter (Fig. 3A). During the
survey, the river inflow was around 2 to 3 m’ s (Fig. 3B) and the outflow,
which was intermittent, was normally higher than the inflow so the water level
was decreasing throughout the survey. Phosphorous, is usually the limiting
factor of the algal growth in Sau (Armengol et al. 1999) was increasing and
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decreasing throughout the survey period and is showed in Fig 3C. The average
dissolved oxygen concentration is Smg/l is displayed in Fig 3D.
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Figure 3 : Evolution of (A) river temperature and air temperature from Julian day
190 (2005) till 220 (2005). (B): inflow and outflow, (D): concentration of total
phosphorus in the river and (E): dissolved oxygen concentration in the river

DESCRIPTION OF DYNAMICS

Survey period has been taken in stratification period, thus last days of July 2005
were quite warm days, as can be seen in Fig 3A. The dynamics of the river
inflow into the reservoir were mainly influenced by the temperature variation.
Fig. 3A shows that the response time of the river temperature to changes in air
temperature is very short and occurs at different time scales, from daily to
longer periods. Also, as the response of the river temperature is faster than the
ambient reservoir water, the river insertion into the reservoir alternated between
overflow and interflow, depending essentially on the inflow rate, ambient water
stratification and inflow temperature. As the day went on, the river became
warmer, eventually reaching temperatures similar to those of the surface water
of the reservoir, it separates from the bottom and flows up and over the surface
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of the ambient water thus generating an overflow (Fig. 4A) in the afternoon and
early in the night. However, during the night, the river became colder than the
water surface and eventually, late in the night and morning inflowing waters
that have a higher density than the ambient water, the inflowing water plunges
under the surface to form underflow, the plunge flow region is momentum
dominated. After the plunge occurs the density current becomes buoyancy
dominated if the inflow momentum is large enough to displace the ambient
water horizontally over the entire depth of the lake. At the “plunge point,” the
baroclinic force resulting from the inflow/ambient density difference balances
the inflow momentum, so the inflow plunges beneath the ambient water. In the
“plunge region” close to the plunge point, both the flow momentum and
baroclinic forces affect the flow dynamics. In the “underflow region” the flow is
entirely baroclinic and is therefore independent of inflow momentum. Ellison
and Turner (1959) showed that after plunging the underflow quickly reaches a
normal state where the bulk Richardson number is constant. The “plunge depth”
is therefore the depth where the inflow moves from momentum-dominated to
buoyancy-dominated and marks the transition of an inflow to an underflow
Fig.4B
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Figure 4 : Definition of (A) overflow and (B) underflow regimes.
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Whether lifting off from the bottom or plunging from the surface, a certain
volume of ambient water entrained in the transition zone between a momentum
dominated flow and a buoyancy-dominated flow. Entrainment of ambient water
into the inflow during this transition will be designated “initial or inflow
mixing” to differentiate it from the entrainment in the subsequent buoyancy
dominated region of the overflow or underflow density current.

When the interflow occurred, the temperature of the river was lower than the
ambient surface temperature and the inflow plunged at about 1000m from
station sl (Fig. 5). Then, the inflow behaved as an underflow until at
approximately 6m depth and 4000 m length, until reach the insertion point. The
Chlorophyll-a values (Fig.6D) are characterized by three main peaks. The first
one is clearly located in the plunge zone where the river converges with the
ambient water and the accumulation of matter from the ambient water,
including phytoplankton, is expected. Part of this Chlorophyll entrains into the
inflow and is dragged to the bottom, as can be seen in Fig. 6D. The second
peak, with values of more than 40 mg/m3, is located at around 6000-7000m
distance coinciding with the head of the overflow events and the third peak
situated at station 14 at the beginning of lacustrine zone. Latter on we will see
how dynamic inflow variability can generate physical and biological
consequences.
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Figure 5 : Longitudinal contours of salinity following the thalweg during day 211
of Sau inflow tracer
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PHYSICAL EFFECTS

Rivers may introduce nutrients, suspended sediments, and contaminants into
reservoir. A dense river inflow that penetrates to the hypolimnion of a lake will
have different ecological consequences. One of the consequences is the
entrainment which leads to an increase of hypolimnetic temperatures in
reservoirs, since the cooler inflow water entrains the warmer ambient water and
leads to baroclinic forces affecting the flow structure. Similarly, the fate of a
dissolved or suspended contaminant being carried with the original inflow, or
contained in the surface layer of the reservoir, is dependent on entrainment.
Entrainment might be great enough to dilute the contaminant and render it
harmless, or it could be so little as to insert and confine the contaminant within
a narrow layer in the reservoir. The contaminant can be quickly transported
through the reservoir if the level of insertion is at the same level as an outflow;
or it can remain trapped by stratification for an extended period if insertion is at
a level not influenced by the outflows.

Thus, understanding of how the inflow mixes with and merges into the reservoir
is crucial in understanding how nutrients or any possible contaminants will be
distributed or diluted throughout the reservoir. In recent years, a great deal of
effort has gone into determining the inflow entrainment coefficients (Dallimore,
2001), (Hebbert et al, 1979) , (Ellison & Turner, 1959) and (Atkinson, 1988).

In the case of the Sau reservoir, inflow is highly variable depends on the
precipitation and catchments area characteristics for this case as shown in Fig.
3B inflow was approximately constant and might be originate from snow
melting from preneu mountains.

BIOLOGICAL EFFECTS

From a water quality point of view, inflow dynamic is necessary for predicting
the spatial and temporal distributions of temperature, dissolved oxygen,
nutrients, pollutants, and sedimentation that rivers provide to a reservoir. Thus,
it is important to know how the river nutrients will be distributed along the
reservoir and the effect of such nutrients over the phytoplankton populations.
(Armengol et al, 1999) and (Comerma, 2003) described the longitudinal
differences in the nutrient distribution in the reservoir. As the input of nutrients
from the river Ter is high, it is important to know how they will be distributed
throughout the reservoir, in order to be able to predict the phytoplankton
evolution. The oscillating dynamics of the inflow mean that new nutrients are
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injected everyday into the reservoir surface. When the injected water, rich in
nutrients encounters the eutrophic reservoir water rich in phytoplankton,
conditions for phytoplankton growth are excellent. The explanation of the
progression or evolution of the river and the head of the injected overflows is
illustrated in (Fig. 5) where the inflow tracer enters to the reservoir. A bloom of
phytoplankton located around station S9 (3 km) at the head of the injected
overflowing water can be appreciated in Fig. 6D. On day 211 at station 9
simulated Temperature was (30C°) (Fig. 6A), concentrations of dissolved
oxygen was (6 mg/L) (Fig. 6B) and dissolved phosphorus was (0.5 mg/L) (Fig.
6C), theses concentrations were favourable to the formation of the algal bloom.
Algal blooms in zones with high nutrient concentration were found and these
were related to the hydrodynamics of the river inflow. Therefore, our
understanding of the coupling between the inflow physics and the biological
processes was clearly enhanced.

In Fig 3A the dissolved oxygen of water river on the day 211 is about (Smg/l)
this low concentration might be due to the fact that the river water is very
poluted upstream station 9 In Fig. 6B the dissolved oxygen concentration is
similar as the river (6 mg/l) on the same simulated day 211at station 9 where the
inflow concentration of dissolved nutrient was high enough for the algal growth.

The concentration of the bloom on the day 211 (Fig. 6D) is about (50 mg/m’) is
the maximum concentration at station 14 corresponding to the high simulated
temperature (Fig 6A), high dissolved oxygen (Fig. 6B), and increase in
phosphorus concentration (Fig. 6C).

Simulations started on day 206.5. (Fig. 7) show a successive three-day (208,
209, and 210) evolution of dissolved oxygen, total phosphorus, and chlorophyll.
It can be seen how the model is able to reproduce the overflow and interflow
fluctuation and how inflowing water, rich in phosphorous, and poor in dissolved
oxygen is injected at the surface and at the insertion depth. Therefore On day
208 (Fig 7A, 7B, and 7C)) the head of the surface overflow and the head of the
interflow (at a depth of approximately 4m) are clearly seen. As the inflow
evolves, from day 206.5 to day 210) the overflow head had travelled a distance
of about 4 km while the interflow head slowly advanced towards the dam (Fig
7). Also, algal blooms are generated where the head of the overflow is located,
it is important to point out that the bloom was formed where the water from the
river rich in nutrients encountered the water from the reservoir rich in
phytoplankton). Therefore, the model is able to predict the bloom observed in
the field survey (Fig. 6 and Fig. 7).
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Figure 6 : Longitudinal contour of (A) Temperature, (B) Dissolved Oxygen, (C)
Phosphorous and (D) Chlorophyll following the thalweg during day 211.
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With ELCOM-CAEDYM model we can simulate how the dissolved oxygen,
Phosphorus and phytoplankton response to the inflow dynamic. So this model
could be considered as a good useful tool for the prediction of dissolved oxygen
bloom events as well as intrusion of possible contaminants. The model also
provide us with information about inflowing water distribution throughout the
water column of the reservoir such information might be useful to help in such
management purposes.
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Figure 7 : Evolution of Dissolved Oxygen, Phosphorous Vs Chlorophyll obtained
with ELCOM-CAEDYM, starting from homogeneous conditions at day 206.5.

CONCLUSIONS

ELCOM-CAEDYM is good tool to simulate 3D hydrodynamic and water
quality as it has been demonstrated in this study where river dynamic changes
from overflow to interflow only due to river inflow temperature. Because, river
temperature is strongly correlated with short term variations in the weather
conditions and in the daily warming-cooling cycle. Such temperature variations
cause changes in the river density which generates a highly dynamic inflow.
This inflow dynamic enhances vertical mixing in the water column and in the in
the river-reservoir interaction zone.
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Also it has been noted that in the overflow situation, incoming nutrients
depends on the inflow dynamic that was responsible of the apparition of algal
blooms Fig. 7B.

Unfortunately, in this survey period water quality profiles as concentrations of
dissolved oxygen, phosphorus and chlorophyll were not available in order to
compare simulated results with field ones. This study for monitoring
hydrodynamic and water quality in Sau Reservoir in Catalonia, Spain that might
be used as reference study for further investigation in Algerian reservoirs.
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