
Technical Note

Effect of Artificial Circulation on the Removal Kinetics of
Cyanobacteria in a Hypereutrophic Shallow Lake
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Abstract: This study consisted of two parts. First, pre-aeration tests were conducted to assess the space-time variability of water quality in a
shallow lake. Chlorophyll-a concentration and cyanobacteria cell density varied from 40 to 80 μg L−1 and 0.5–2.0 × 106 cells=mL,
respectively. In the second and major part of the study, aeration tests were carried out to investigate the influence of artificial circulation
on the flow hydrodynamics and water quality. Comparison of the measurements taken inside and outside the bubble plumes showed that
artificial circulation promotes a faster decay of chlorophyll-a concentration over time. First-order kinetics fitted well the time-variation of
depth-averaged chlorophyll-a, cyanobacteria, and pheophytin-a. The net reduction rate of chlorophyll-a and cyanobacteria could be described
as a function of a dimensionless parameter β that controls bubble plume hydrodynamics or, alternatively, as a function of the rate of
dissipation of turbulent kinetic energy ε. This net reduction rate of chlorophyll-a could also be linearly related to the net growth rate of
pheophytin-a. This suggests that algal removal was caused mainly by cellular death. Finally, the relationships obtained in this study were
used to predict the impact of artificial circulation on algal removal in water-supply reservoirs. DOI: 10.1061/(ASCE)EE.1943-
7870.0001289. © 2017 American Society of Civil Engineers.
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Introduction

Eutrophication of water bodies is a worldwide problem with many
adverse effects related with toxic cyanobacteria blooms (Paerl and
Otten 2013; Ibelings et al. 2016). This is a critical issue in the
Brazilian Northeast, a highly populated semiarid region (∼50 million
inhabitants) with more than 200,000 water-supply reservoirs
(capacities of 10−1 to 104 hm3), which has faced several human
losses because of cyanotoxin poisoning (Bouvy et al. 2000).
Currently, it is estimated that more than 80% of the previously men-
tioned reservoirs are eutrophic or hypereutrophic, and many of them
are no longer suitable for water supply, unless non-conventional
water treatment plants are used to remove the cyanobacteria and their
associated toxins (Capelo-Neto and Buarque 2016).

Artificial aeration and mixing systems have long been used to
alleviate eutrophication symptoms in lakes and reservoirs. These
systems normally use arrays of bubble plumes to induce surround-
ing liquid entrainment and destratify the water column (Wüest
et al. 1992; Asaeda and Imberger 1993; Lima Neto et al. 2016).
Many studies reported that artificially mixing the water column
could limit light and nutrient availability, in order to minimize
the undesired cyanobacteria blooms, or at least change the
composition from cyanobacterial dominance to green algae and di-
atoms (Reynolds et al. 1983; Visser et al. 1996, 2016; Imteaz and
Asaeda 2000; Heo and Kim 2004; Antenucci et al. 2005; Becker
et al. 2006). Alternatively, bubble plumes have been adopted to

oxygenate the hypolimnion and reduce phosphorus release from
the lake sediments, and then inhibit algal growth (Soltero et al.
1994; Bormans et al. 2016).

All the aforementioned studies on bubble plumes were carried
out under stratified water conditions in relatively deep lakes and
reservoirs. On the other hand, laboratory experiments using
different mixing devices in unstratified tanks have suggested that
small-scale turbulence can influence algal growth by affecting
cellular activities, promoting cell disruption, and/or changing the
settling velocity of the cells (Thomas and Gibson 1990; Hondzo
and Lyn 1999; Ruiz et al. 2004; Warnaars and Hondzo 2006;
Berdalet et al. 2007; Carvalho Neto et al. 2014; Fraisse et al.
2015). However, the effect of small-scale turbulence on algal dy-
namics and metabolic rates is still unclear, and the results obtained
from different experimental studies may not be representative of
natural environments, such as lakes and reservoirs.

The present study is the first attempt on investigating the effect
of flow circulation and turbulence induced by point-source bubble
plumes on the growth/loss rate of cyanobacteria in a shallow
unstratified lake. The goals were to analyze the hydrodynamics
and water quality behavior inside and outside the bubble plumes
to quantify the removal kinetics of cyanobacteria and obtain a
predictive model for management of algal blooms in eutrophic
water bodies. This is particularly important in the high-density
reservoir network of the Ceará State, Brazilian Northeast (Lima
Neto et al. 2011), where the rational use of point-source
bubble plumes in the vicinity of water-supply intakes has been
proposed as a relatively simple measure to minimize the local
impacts of eutrophication and reduce water treatment costs.

Materials and Methods

Study Area and Aeration System

The field surveys were carried out in the Santo Anastácio Lake,
located in the city of Fortaleza, Ceará, Brazil (Fig. 1). This tropical
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lake has a volume of approximately 0.3 hm3, maximum water
depth of 3.8 m, and negligible thermal stratification, with a
temperature difference between the lower and upper water layers
of up to approximately 1°C. Despite its very short residence time
of around a month, the reservoir is currently in a hypereutrophic
state because of the high catchment nutrient loading (Antenucci
et al. 2003). The air injection system consisted of a 7.5 kW com-
pressor that provided atmospheric air flow ratesQ ¼ 1–10 NLs−1
to a point-source diffuser placed at the bottom of the lake, approx-
imately 30 m from the shore, where the water depth z ¼ 1.5 m
(Fig. 2). The diffuser consisted of an array of 1-in. PVC pipes
with a total of 160 holes of 1 mm diameter, which was designed
to promote high mixing efficiency and prevent clogging. The air
flow rates per orifice were similar to those of Lima Neto et al.
(2008), in which bubbles with diameters ranging from approxi-
mately 6–8 mm were formed. This agrees well with the values of
6.6–8.1 mm calculated from the correlation proposed by Lima
Neto (2015).

Hydrodynamic Measurements and Water Quality
Sampling

The first part of the field studies was conducted during the dry
season of November 2013 to assess the natural variability of water
quality in the lake around the air diffuser site, but without aeration.
The second part was conducted during the dry season of November
2014 to investigate the effect of artificial circulation on the flow
hydrodynamics and water quality around the diffuser (Fig. 2).
Hydrological parameters including solar exposure, air temperature,
precipitation, and wind speed were measured in a meteorological
station located at approximately 500 m from the Santo Anastácio
Lake outlet. During the measurements, the water inflow was
relatively low (∼50 Ls−1) so that natural mixing processes in
the lake were driven mainly by wind shear (average speed of
3–5 m=s). Air and water temperatures varied between 25 and
30°C, and precipitation was nil. Water samples were collected
around the diffuser area using Van Dorn bottles mounted on a stem
connected to a thoroughly anchored boat.

The aeration tests were carried out with atmospheric air flow
rates Q of 1.9, 3.8, 5.7, and 7.6 NLs−1, which were measured with
a plastic tube rotameter. An electromagnetic propeller anemometer
was used to measure the vertical water velocity inside the bubble
plume and the horizontal water velocity outside the plume, follow-
ing the circulation flow patterns described by Toné et al. (2017).
The same propeller anemometer has been used by Lima Neto et al.
(2008) to measure the water velocity in laboratory bubble plumes.
Each aeration test had a duration of 120 min. The tests were
performed at different times on a single day (November 29,
2014), with 120 min interval between tests: (1) from 6:00 to
8:00 (for Q ¼ 1.9 NLs−1); (2) from 10:00 to 12:00 (for
Q ¼ 3.8 NLs−1); (3) from 14:00 to 16:00 (for Q ¼ 5.7 NLs−1);
and (4) from 18:00 to 20:00 (for Q ¼ 7.6 NLs−1). In order to in-
vestigate the effect of artificial circulation on water quality for each
aeration test, water samples using Van Dorn bottles were collected
every 5–30 min at different depths z and radial distances x from the
plume centerline (Fig. 2). For the qualitative analyses, samples of
500 mL were collected with plankton nets (20 μm mesh size) and
placed in plastic bottles. Additional tests were conducted on
November 11, 2014, for Q ¼ 3.8 and 5.7 NLs−1 to verify the
repeatability of the results.

Data Analysis

For the pre-aeration tests, the daily variations of hydrological and
water quality parameters were analyzed in order to observe possible
relationships with algal dynamics. Additionally, algal concentrations
at different distances x from the diffuser site were also compared to
verify possible correlations. Laboratory analyses included: dissolved
oxygen (modified Winkler method), nitrate nitrogen, nitrite nitrogen,
ammonia-nitrogen, total phosphorus, orthophosphate, chlorophyll-a,
and pheophytin-a (spectrophotometric method), as described by the
APHA (2005). The identification and counting of algal cells were
conducted by the light-field and inverted microscope methods, re-
spectively. All the analyses were performed within a maximum of
12 hours after collection.

The same laboratory analyses and procedures described previ-
ously were also performed for each aeration test, so that the impact
of artificial circulation on algal dynamics could be evaluated. The
water velocities measured with the electromagnetic propeller
anemometer were processed in MATLAB to generate circulation
flow patterns induced by the bubble plumes. The idea was to iden-
tify the x positions outside the plumes in which the water velocities
become too small to be measured by anemometer so that the effect
of flow circulation could be neglected. Hence, the authors assumed

Fig. 1. Schematic of the Santo Anastácio Lake, in Fortaleza, Ceará,
Brazil, showing the location of the air diffuser supplied by the
compressor

Fig. 2. Definition sketch of the bubble plume and sampling stations
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that water samples collected far enough from the plume could be
used to represent the natural variation of algal concentration,
whereas those inside the plume could be used to describe the
combined effects of natural variation and artificial circulation.
Thus, the growth/loss rates of depth-averaged chlorophyll-a,
pheophytin-a, and cyanobacteria could be estimated by fitting
kinetic models to the data obtained inside and outside the bubble
plume. Then, the resulting impact of artificial circulation on algal
dynamics could be evaluated by subtracting these two growth/loss
rates. Finally, the authors performed curve fitting to obtain general
models to describe the kinetics of cyanobacteria as a function of
bubble plume hydrodynamics.

Results and Discussion

Analysis of Pre-Aeration Test Results

Fig. 3 shows typical daily variations of hydrological and water
quality parameters obtained for Santo Anastácio Lake during the
dry season of November 2013. Chlorophyll-a concentrations varied
from approximately 40 to 80 μg L−1, whereas cyanobacteria cell
density varied from approximately 0.5 to 2.0 × 106 cells=mL,
with the predominant species being the toxic Aphanocapsa.
Consistently, Fig. 3 shows a similar trend for these two variables,
with the peak occurring around 14:00 h, when the solar exposure
and temperature also reached their maximum values. The increase
in the oxygen level and the decrease in the nitrogen concentration
up to this peak period may also be a consequence of photosynthesis
and nutrient uptake, respectively. However, because the concentra-
tions of total nitrogen and phosphorus were of the same order, both
nutrients potentially play a relevant role in algal physiology. It is
important to mention that the correlation coefficients between the
chlorophyll-a concentrations at the diffuser site (at x ¼ 0) and 2 m
away were higher than 80%. This suggests that the distance of 2 m
between sampling stations was small enough so that no significant
differences in the natural behavior of algal dynamics was observed
during the pre-aeration tests. Velocity data shown later in this
section (Fig. 4) will also confirm this natural behavior 2 m away
from the bubble plume. Therefore, the data obtained outside the
diffuser site (at x ¼ 2 m) will be considered here as a baseline.

Analysis of Artificial Aeration Test Results

Fig. 4 shows a typical circulation flow pattern induced by the
bubble plumes for an atmospheric air flow rate Q ¼ 7.6 NLs−1,
which was generated in MATLAB from water velocity measure-
ments taken during the aeration tests (November 2014). Maximum
velocities of the order of 1.0 m=s occurred at the plume centerline
(at x ¼ 0), whereas minimum velocities of approximately 0.05 m=s
occurred at x ¼ 1.5 m. Similar flow patterns were obtained for the
other air flow rates tested herein, but the velocities reduced as the
air flow rates decreased. The velocities obtained in this study were
very close to those simulated with the model of Lima Neto (2012),
which estimated that up to approximately 40% of the total momen-
tum flux induced by the bubble plumes was carried by turbulence.
This information is important because turbulence can regulate algal
dynamics by affecting sedimentation and nutrient acquisition
(Fraisse et al. 2015). Note that water velocity data measured at
x ¼ 2 m were discarded because they approached the minimum
value of 0.01 m=s that can be accurately measured by the anemom-
eter. Observe that this velocity was of the same order of the shear
velocity induced by the wind at the water surface (Fischer et al.
1979, p. 180). Therefore, the authors assumed that at x ¼ 2 m

Fig. 4. Typical water circulation pattern induced by the bubble plumes
for an atmospheric air flow rate Q ¼ 7.6 NLs−1 (November 2014); the
air diffuser is located at x ¼ 0 and z ¼ 1.4 m

Fig. 3. Typical daily variations of hydrological and water quality para-
meters obtained for the Santo Anastácio Lake during the dry season of
November 2013 (pre-aeration tests): (a) solar exposure and tempera-
ture; (b) nutrients and oxygen; (c) chlorophyll-a and cyanobacteria
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the impact of aeration-induced flow on algal dynamics was negli-
gible as compared to that at the plume centerline (at x ¼ 0).

At the end of each aeration test (duration of 120 min), the
depth-averaged concentration of chlorophyll-a measured outside
the bubble plume (at x ¼ 2 m) was consistently higher (5–20%)
than that obtained inside the plume (at x ¼ 0), with the difference
increasing with the atmospheric air flow rate Q. Fig. 5 shows an
example of this positive impact of artificial circulation on algal
dynamics for Q ¼ 3.8 NLs−1 (November 2014). It is clearly seen
that circulation promotes a faster decay of chlorophyll-a concentra-
tions over time inside the bubble plume than outside it. Similar
trends were also observed for the cyanobacteria cell density data.
On the other hand, the change in the other water quality parameters
(temperature, nutrients, and dissolved oxygen) measured outside
and inside the plume was within approximately �10%, with no
clear trend with Q. This implies that artificial circulation causes
decay in algal population, but does not affect significantly the other
water quality parameters. Note that all the flow conditions studied
here were turbulent and, according to previous investigations
(Thomas and Gibson 1990; Hondzo and Lyn 1999; Ruiz et al.
2004; Warnaars and Hondzo 2006; Berdalet et al. 2007; Fraisse
et al. 2015), flow turbulence affects algal physiology. Furthermore,
artificial circulation may displace algae from the bubble plume
surroundings, as pointed out by Toné et al. (2017). These two
factors are potential causes of the more efficient removal of algae
inside the bubble plume.

Fig. 6 shows the fitting of first-order kinetics to the variation of
depth-averaged chlorophyll-a concentration over time inside
(at x ¼ 0) and outside (at x ¼ 2 m) the bubble plumes, for the
different air flow rates used in this study: (1) Q ¼ 1.9 NLs−1;

Fig. 5. Impact of artificial circulation (Q ¼ 3.8 NLs−1) on the decay of
chlorophyll-a concentrations over time (November 2014): (a) outside
the bubble plume (at x ¼ 2 m); (b) inside the bubble plume (at x ¼ 0);
note that straight lines were fitted to the data obtained at two heights:
0.2 and 1.3 m

Fig. 6. Fitting of first-order kinetics to the variation of depth-averaged chlorophyll-a concentration over time inside (at x ¼ 0) and outside
(at x ¼ 2 m) the bubble plumes: (a) Q ¼ 1.9 NLs−1; (b) Q ¼ 3.8 NLs−1; (c) Q ¼ 5.7 NLs−1; (d) Q ¼ 7.6 NLs−1
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(2) Q ¼ 3.8 NLs−1; (3) Q ¼ 5.7 NLs−1; and (4) Q ¼ 7.6 NLs−1.
A good fit was obtained for all the experimental conditions, with
correlation coefficients higher than 0.97. Similar curves were also
obtained for the data of cyanobacteria, with correlation coefficients
also greater than 0.97. For the first test [Fig. 6(a)], the chlorophyll-a
concentration increased over time both inside and outside the
plume, but the growth rate inside the plume was slightly lower than
that outside the plume. On the other hand, for the other three tests
[Figs. 6(b–d)], the chlorophyll-a concentration decreased over time
both inside and outside the plume, but the loss rate inside the plume
was higher than that outside the plume. Observe that this difference
increased with the air flow rate. These results confirm that artificial
circulation acts as an algae removal factor for all the cases. Thus,
the following exponential decay curve can be obtained to describe
the kinetics of the reduction of depth-averaged chlorophyll-a
concentrations over time due to artificial circulation:

½Chl-a� ¼ ½Chl-a�o expð−ktÞ ð1Þ
where [Chl-a] = chlorophyll-a concentration at time t (μg L−1);
½Chl-a�o = initial chlorophyll-a concentration (μg L−1); and k =
net reduction rate of chlorophyll-a concentration (day−1), which
is given by k ¼ kin − kout, where kin and kout are the growth/loss
rates adjusted to the data obtained inside and outside the bubble
plume, respectively (Fig. 6).

In order to obtain a general model to predict the removal kinetics
of cyanobacteria in eutrophic lakes, the authors used the following
dimensionless parameter defined by Lima Neto (2012) to describe
the hydrodynamics of bubble plumes:

β ¼ g 0Q
zdu3s

ð2Þ

where g 0 = reduced gravity (ms−2), given by g 0 ¼ gðρw − ρgÞ,
where ρw and ρg are the water and air densities (kgm−3), respec-
tively; Q = atmospheric air flow rate (Nm3 s−1); zd = water head
above the diffuser (m); and us = bubble slip velocity (m=s). For the
bubble diameters expected in this study (6–8 mm), the bubble slip
velocity assumes a constant value of us ¼ 0.23 m=s (Wüest et al.
1992). Fig. 7(a) shows that the net reduction rate of chlorophyll-a
given by the first-order coefficient k can be described as a function
of β, with a correlation coefficient of 0.99. This results in the fol-
lowing relationship:

k ¼ 1.61 lnðβÞ þ 0.33 ð3Þ

The repeatability of the results was verified for Q ¼ 3.8 and
5.7 NLs−1, which resulted in deviations of the k-values shown
in Fig. 7(a) of �20%. Thus, error bars (�20%) were included
in the figure, assuming the same deviations for the other flow
conditions. The values of k obtained from the data of cyanobacteria
cell density (instead of chlorophyll-a concentration) were also
plotted in Fig. 7(a) to confirm the effect of β on the removal kinetics
of cyanobacteria (correlation coefficient of 0.96).

The effect of turbulence on algal removal is evaluated in
Fig. 7(b). The authors used the correlation proposed by García and
García (2006) to obtain the rate of dissipation of turbulent kinetic
energy ε ðcm2 s−3Þ, which is given as a function of the air flow rate:
ε ¼ 0.0116Q1.426. Fig. 7(b) shows that the removal coefficient
k can also be described by ε, with a correlation coefficient of
0.99. Eq. (4) represents this relationship:

k ¼ 1.13 lnðεÞ þ 4.37 ð4Þ

The increase in the algal removal coefficient kwith the turbulent
dissipation ε is consistent with the studies reported by Thomas and

Gibson (1990), Hondzo and Lyn (1999), and Berdalet et al. (2007),
in which phytoplankton growth inhibition has been observed for
similar ranges of ε in the laboratory scale. Data of cyanobacteria
is also plotted in Fig. 7(b) to reinforce the behaviors shown in
Fig. 7(a) (correlation coefficient of 0.96).

Similar to Fig. 6, which was obtained from chlorophyll-a
concentrations, Fig. 8 shows the fitting of first-order kinetics
to the variation of depth-averaged pheophytin-a concentration
over time inside (at x ¼ 0) and outside (at x ¼ 2 m) the
bubble plumes, for the four air flow rates tested here:
(1) Q ¼ 1.9 NLs−1; (2) Q ¼ 3.8 NLs−1; (3) Q ¼ 5.7 NLs−1;
and (4) Q ¼ 7.6 NLs−1. Again, a good fit was obtained for all
the experimental conditions, with correlation coefficients higher
than 0.96. For the first case [Fig. 8(a)], the pheophytin-a
concentration increased over time both inside and outside the
plume, with approximately the same growth rate. On the other
hand, for the other three cases [Figs. 8(b–d)], the pheophytin-a
concentration decreased over time both inside and outside the
plume, but the loss rate inside the plume was lower than that
outside it. It is important to stress that this result is the opposite
observed for the chlorophyll-a curves (Fig. 6) because
pheophytin-a is a degradation product of chlorophyll-a. This
suggests that artificial circulation promotes an increase in the
pheophytin-a concentration, which is attributed to algal death.
Therefore, the following curve can be used to describe the
kinetics of the growth of depth-averaged pheophytin-a concentra-
tions over time due to artificial circulation:

½Pheo-a� ¼ ½Pheo-a�o expðkpheotÞ ð5Þ

Fig. 7. Fitted relationships for the chlorophyll-a removal coefficient k
as a function of (a) the dimensionless parameter β that describes
bubble plume hydrodynamics; (b) the rate of dissipation of turbulent
kinetic energy ε (estimated from García and García 2006); data of
cyanobacteria is also shown as a reference

© ASCE 06017010-5 J. Environ. Eng.



where [Pheo-a] = pheophytin-a concentration at time t (μg L−1);
½Pheo-a�o = initial pheophytin-a concentration (μg L−1); and
kpheo = net growth rate of pheophytin-a concentration (day−1),
which is given by kpheo ¼ kpheo;in − kpheo;out, where kpheo;in and
kpheo;out are the growth/loss rates adjusted to the data obtained
inside and outside the bubble plume, respectively (Fig. 8).

Fig. 9 shows the chlorophyll-a removal coefficient k plotted
as a function of the pheophytin-a growth coefficient kpheo. Curve
fitting yielded the linear relationship given by Eq. (6), with a
correlation coefficient of 0.95. This confirms that algal removal
was caused mainly by cellular death, which is explained by the

chlorophyll-a degradation into pheophytin-a, as reported by Louda
et al. (1998). Nevertheless, a small portion of the algal cells poten-
tially escaped from the aeration site, as suggested by Toné et al.
(2017)

k ¼ 0.89kpheo þ 0.53 ð6Þ

Applications

As an application of the results, the relationships obtained in this
study can be used to predict the impact of artificial circulation on
algal removal in lakes and reservoirs. For example, most of the
thousands of water-supply reservoirs in the State of Ceará, Brazil,
are currently in a hypereutrophic state, with chlorophyll-a concen-
tration frequently reaching the value of 60 μg L−1, which is the

Fig. 8. Fitting of first-order kinetics to the variation of depth-averaged pheophytin-a concentration over time inside (at x ¼ 0) and outside
(at x ¼ 2 m) the bubble plumes: (a) Q ¼ 1.9 NLs−1; (b) Q ¼ 3.8 NLs−1; (c) Q ¼ 5.7 NLs−1; (d) Q ¼ 7.6 NLs−1

Fig. 9. Relationship between the chlorophyll-a removal coefficient
k and the pheophytin-a growth coefficient kpheo

Fig. 10. Prediction of the impact of artificial circulation on
chlorophyll-a concentration over time in a hypereutrophic reservoir;
Classes I, II, and III refer to the Brazilian Surface Water Quality
Standards
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limit for Class III reservoirs, according to the National Surface
Water Quality Standards (Ministério do Meio Ambiente and
CONAMA 2005). Hence, if one considers a point-source bubble
plume with an air flow rate of Q ¼ 10 NLs−1 being released at
a water depth of 3.4 m, Eqs. (2) and (3) yield β ¼ 2.37 and
k ¼ 1.72 day−1, respectively. Thus, using Eq. (1), one would
expect that within time frames of approximately 10 and 24 h
the water quality at the air diffuser site would improve to
Class II reservoirs (chlorophyll-a limit of 30 μg L−1) and Class I
reservoirs (chlorophyll-a limit of 10 μg L−1), respectively, as
depicted in Fig. 10. Note that in the present application the authors
assumed a constant chlorophyll-a concentration (60 μg L−1) in the
reservoir. But in real reservoirs, where this concentration normally
varies with time (Fig. 3), the algal decay model proposed here can
be coupled with lake water quality models such as those of Gulliver
and Stefan (1982) and Imteaz et al. (2003, 2009) to evaluate the
impact of artificial aeration on lake water quality.

Conclusions

Results from field surveys conducted in a hypereutrophic shal-
low lake in Brazil showed that artificial circulation induced by
diffused aeration promotes a faster decay of algae over time, as
compared to baseline data obtained outside the bubble plumes.
The time variation of depth-averaged chlorophyll-a, pheophytin-a,
and cyanobacteria were adjusted to first-order kinetic models,
both inside and outside the bubble plumes. The net reduction
rates of chlorophyll-a and cyanobacteria due to artificial circu-
lation were well described by log-curves as a function of bubble
plume hydrodynamics and flow turbulence. These algal reduc-
tion rates were also linearly related to the net growth rate of
pheophytin-a, which suggests that algal removal was caused
mainly by cellular death, which is accompanied by chlorophyll-a
conversion into pheophytin-a. Additionally, the relationships pro-
posed here were used to study the effect of artificial circulation on
algal removal in eutrophic reservoirs. The simulations indicate that
the use of point-source bubble plumes around water-supply in-
takes can be an effective measure to minimize the local impacts
of eutrophication and potentially reduce the water treatment costs.
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