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• Comprehensive review to identify
effectiveness of artificial destratification
systems

• Bubble plumes are the most effective
and scalable destratification solution.

• Successful thermal destratification leads
to mitigating other water quality
impacts.

• Correctly designed air flow rates are key
to successful thermal destratification.

• Quantitative data for design guidelines
and optimised operation needed.
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A B S T R A C T

Reservoir stratification impacts reservoir and downstream water quality, creating complex management chal-
lenges driven by interactions between hydrodynamics, weather patterns, and nutrient dynamics. Artificial des-
tratification is one technique used to ameliorate the impacts of stratified reservoirs, with bubble plumes or
mechanical mixers being the primary methods employed. This global review assessed 138 bubble plume and
mechanical mixer artificial destratification systems installed in 114 reservoirs to evaluate the comparative
effectiveness of each method. Destratification systems were assessed in terms of their effectiveness in breaking
thermal stratification and consequently mitigating cold water pollution, increasing dissolved oxygen concen-
trations throughout the water column, reducing the concentration of soluble metals, and reducing (potentially
toxic) cyanobacteria populations.
Bubble plume destratification was found to be more effective than mechanical mixing at mitigating the im-

pacts of thermal stratification. Successful thermal destratification was closely linked to subsequent increases in
dissolved oxygen concentrations and decreases in manganese and iron concentrations. Mixed results were
observed for the reduction of cyanobacteria populations from artificial destratification; however, a correlation
was observed between cyanobacteria control and successful thermal destratification in deeper reservoirs.
Achieving thermal destratification was closely linked to the ratio of the reservoir capacity to the air flowrate

used for destratification (the “volumetric destratification coefficient”). Failed thermal destratification was
observed in reservoirs where the volumetric destratification coefficient was less than approximately 0.005 L/s/
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ML. This review identified the potential for scalability of bubble plume destratification across different reser-
voirs, but future research needs to provide more quantitative data that can be used to develop holistic design
guidelines for bubble plume destratification systems for a wide range of reservoirs and operational conditions.

1. Introduction

Thermal stratification in reservoirs typically occurs during the
warmer summer months, when external environmental factors, such as
higher solar radiation and elevated air temperature, cause the surface
layer of the reservoir to heat up (MacIntyre and Hamilton, 2024). This
stratification leads to the formation of distinct layers within the water
column, characterized by differences in density and temperature
(Fig. 1). These layers are known as the epilimnion (surface), the hypo-
limnion (bottom), and the metalimnion (middle), which features a
pronounced temperature and density gradient called the thermocline.
The thermocline, in particular, serves as a barrier that hinders the nat-
ural mixing of the warmer epilimnion and the cooler hypolimnion at the
reservoir’s bottom (Patterson and Imberger, 1989; Huttula, 2012; Li
et al., 2020; Shi et al., 2022; MacIntyre and Hamilton, 2024). Global
warming is expected to further intensify stratification effects, increasing
temperatures at the epilimnion and thermocline at a greater rate than
the hypolimnion, leading to enhanced vertical stratification for longer
periods (Zhang et al., 2015; Woolway et al., 2021; Wang et al., 2024).

While stratification can occur in reservoirs with depths of <5 m
(Pastorok et al., 1981; Müller and Mitrovic, 2015), impacts, and the
complexity of managing these impacts, become more significant as the
reservoir’s depth and capacity increase. Negative impacts on the in-
reservoir environment include dissolved oxygen (DO) depletion below
the thermocline (Steichen et al., 1979; Zhang et al., 2015; Shi et al.,
2022), release of soluble metals and nutrients from the reservoir bed
(Davison, 1993; Beutel et al., 2008; Li et al., 2019; Shi et al., 2022),
promotion of (potentially toxic) cyanobacteria blooms (Toetz, 1977;
Burns, 1994; Visser et al., 2016; Smucker et al., 2021), as well as the
release of cold water pollution to downstream receiving waterways
when water is discharged from deep-level offtakes in the hypolimnion

(Sherman, 2000; Ryan et al., 2001; Preece and Jones, 2002; Preece,
2004) (Fig. 1). Reservoir stratification has a direct impact on aquatic
biota both in-reservoir, by way of the hypolimnion being uninhabitable
(Preece et al., 2019), and downstream, through poor-quality, cold water
releases (Preece and Jones, 2002; Michie et al., 2020b, 2020a, 2023).

Fig. 1 illustrates the impacts thermal stratification can have on water
quality in the reservoir including the complex interplay between various
biochemical processes. Dissolved oxygen is an essential property of the
reservoir environment and supports all aerobically respirating organ-
isms within. Additionally, low DO affects the solubility of many inor-
ganic compounds (Davison, 1993), which can adversely affect water
quality both within the reservoir and downstream. In a thermally
stratified reservoir, the strong density gradient at the thermocline pre-
vents oxygenated waters from the epilimnion from reaching the hypo-
limnion, inhibiting its reaeration (Steichen et al., 1979; Miles and West,
2011; Liu et al., 2019; Shi et al., 2022). At the sediment-water interface,
high sediment oxygen demand drives aerobic biogeochemical processes
that consume oxygen, leading to hypoxic or anoxic conditions (Haynes,
1975) and the subsequent release of undesirable soluble metals and
nutrients (Beutel et al., 2008).

To sustain biological oxygen demand under hypoxic or anoxic con-
ditions, bed sediments release soluble iron and manganese through the
reduction of metal oxides (Beutel et al., 2008; Bryant et al., 2011; Li
et al., 2019) further degrading water quality. The presence of iron and
manganese can increase turbidity, darken water colour and result in
unpleasant tastes and odours in drinking water (Munger et al., 2016;
World Health Organization, 2017). These soluble metals can also
negatively impact fish causing oxidative stress (Vieira et al., 2012) and
gill damage (Hedayati et al., 2014). Nutrients such as phosphorus and
nitrogen are also released under hypoxic and anoxic conditions (Beutel
et al., 2008; Shi et al., 2022), promoting algae growth and occasionally

Fig. 1. Natural stratification processes and their impacts on the in-reservoir and downstream environment.
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leading to blooms of toxic cyanobacteria (commonly known as blue-
green algae).

Large thermally stratified reservoirs are particularly conducive to
cyanobacterial growth due to long residence times, reduced mixing,
increased nutrient availability caused by stratification (Spigel and
Imberger, 1987; Tilzer, 1987) and anthropogenic nutrient loading
(Hamilton et al., 2016) (Fig. 1). Anthropogenic nutrient loading from
catchments is often a primary driver of cyanobacterial blooms and can
be managed by limiting external nitrogen and phosphorus supply.
However, this approach may not be economically or politically feasible
compared to in-reservoir management methods (Hamilton et al., 2016).
Cyanobacteria often outcompete other algal species in reservoirs,
especially during periods of stratification (Burns, 1994). Cyanobacteria
are able to regulate their buoyancy through gas vesicles (Wallace and
Hamilton, 1999), enabling them to migrate across density gradients in a
stratified reservoir. This provides them a competitive advantage over
other species, allowing them to remain at the surface during periods of
low wind and high light availability (Visser et al., 1996), increasing their
daily light dose and reducing sedimentation losses (Visser et al., 2016).

Cyanobacteria blooms are recognised globally as an issue of concern
for reservoir management (Hamilton et al., 2016) due to the cyanotoxins
that some species can produce which impact both human and aquatic
health (Howard, 2012; Visser et al., 2016). Cyanotoxins can attack the
liver (hepatotoxins), nervous system (neurotoxins) and skin (derma-
toxins) (Merel et al., 2013; Hamilton et al., 2014). Certain compounds
produced by cyanobacteria, such as geosmin, 2-methylisoborneol and
many others, can also introduce an unpleasant taste and odour in
drinking water (Falconer, 1999; Zhu et al., 2022). Overall, cyanobac-
teria blooms can result in significant economic impacts, including
increased water treatment costs, lost tourism, and reduced fishing rev-
enues, in particular through summer periods when recreational and
irrigation use of reservoirs increases (Hamilton et al., 2014).

Besides negative impacts inside the reservoir, water released from
stratified reservoirs can also negatively impact the downstream river
system. As water is typically extracted from offtakes located at or near
the reservoir bottom in the hypolimnion (Ryan et al., 2001), this can
impact the water quality in the downstream receiving waterway due to
reduced DO and increased nutrient, iron, and manganese concentrations
(Fig. 1). Water releases taken from below the thermocline are signifi-
cantly colder (commonly 8–12 ◦C colder) than the reservoir’s surface
waters (Preece and Jones, 2002; Preece, 2004; Boys et al., 2009; Miles
and West, 2011) (Fig. 1), impacting the downstream aquatic environ-
ment for hundreds of kilometres (so called cold water pollution (CWP))
(Todd et al., 2005; Lugg and Copeland, 2014). These unnatural thermal
variations can have significant impacts on native fish populations (Todd
et al., 2005; Michie et al., 2020b, 2020a, 2023) due to the sensitivity of
fish physiology and behaviours to temperature changes (Fuiman and
Batty, 1997), including fish reproduction (Boys et al., 2009), fish growth
and metabolism (Clarke and Johnston, 1999) as well as survival and
development of eggs and larvae (Koehn et al., 1995; Todd et al., 2005).

Considering the negative impacts thermal stratification can have and
the complex interplay between the dynamics of reservoir hydrody-
namics and water quality, management methods must be considered.
Herein, this article critically reviews one of the most widely used
management method, artificial destratification, with a focus on the
performance of the most commonly implemented destratification tech-
nologies in reservoirs around the world – bubble plumes and mechanical
mixers. Despite these technologies being widely implemented, their
performance for mitigating the outlined impacts of reservoir stratifica-
tion has been varied. This is especially true for larger reservoirs, where
the costs of water treatment, loss of recreational value and water release
impact on the downstream environment is exacerbated. Reporting on
the outcomes of destratification operation is rarely standardised, making
comparison between case studies difficult. Design guidelines for both
bubble plumes and mechanical mixers are limited and outdated based
onmore recently available technology and experience. There is a need to

synthesize and assess the available information relating to the design,
operation and performance of current or previously operated artificial
destratification system. Identifying the gaps in this knowledge will
promote improved design, optimised performance and highlight the
achievable water quality outcomes of effectively operated artificial
destratification.

Available performance data from the destratification systems
reviewed were recorded in a comprehensive database (see “Destratifi-
cation Library” in supplementary materials) and analysed in terms of
their success in mitigating the key negative impacts of reservoir strati-
fication. The review concludes with a critical discussion on the success
of destratification technologies and provides key considerations for de-
signers and practitioners when implementing artificial destratification
as a management strategy for their reservoirs.

2. Artificial destratification methods

Artificial destratification is a low capital cost, high operational cost
method (relative to alternative selective withdrawal methods) that in-
volves artificially mixing the reservoir to break down the thermocline.
This allows heated, oxygenated surface water to reach the bottom of the
reservoir, mitigating both the in-reservoir and downstream impacts of
natural stratification (Pastorok et al., 1981; Ashby and Kennedy, 1993;
Visser et al., 1996; Sherman, 2000; Sahoo and Luketina, 2006; Miles and
West, 2011). Artificial destratification is generally accomplished using
either rising bubble plumes or mechanical mixers at the surface or bed of
the reservoir. These mitigation methods for reservoir stratification are
the primary focus of this review.

Other novel methods of destratification such as the Gradual
Entrainment Lake Inverter (GELI) (Read et al., 2011; Smith et al., 2018)
have not been considered in this review due to the comparably smaller
amount of available literature detailing design and outcomes. Water-
lifting aerators (WLA) are an emerging hybrid technology (Huang
et al., 2016), which, depending on their operation, serve to achieve
either artificial destratification or hypolimnetic oxygenation. These
systems have been shown to be capable of decreasing thermal stratifi-
cation (Li et al., 2018), increasing DO concentrations (Ma et al., 2015; Li
et al., 2018), mitigating the release of soluble metals (Li et al., 2019) and
managing algae growth (Zhang et al., 2020). From the limited literature
available, their destratification effects appear to be localised, as sug-
gested in Huang et al. (2016). Due to the relatively small amount of
literature surrounding this method, and the hypolimnetic oxygenation
operations, WLAs were not further considered in this review of artificial
destratification methods.

Selective withdrawal methods can be effective for mitigation of CWP
and water quality issues downstream of reservoir (US Army Corps of
Engineers, 1986; Sherman, 2000; Preece, 2004), but they have minimal
benefit for the reservoir itself. Additionally, selective withdrawal
methods are inherently limited to mitigating either the release of
potentially toxic cyanobacteria or poor-quality hypolimnion water, as
these require withdrawal from two different sections of a stratified water
column. Key considerations in regard to selective withdrawal methods
can be found in Supplementary Material S1.

Rising bubble plumes are the most common employed technique for
artificial destratification. Bubble plumes are created by transporting
compressed air through a pipe network to diffusers typically located in
the deepest part of a reservoir (Lewis et al., 1991; Ashby and Kennedy,
1993; Visser et al., 1996; Antenucci et al., 2005) (Fig. 2). The air is
diffused through small nozzles or holes into plumes of buoyant bubbles,
which rise through the water column to the surface. As the plumes rise
through the water column, they entrain cold, dense water from the
hypolimnion, which then detrains from the rising plume as it reaches
neutral buoyancy or the surface of the reservoir (Fig. 2). When water is
detrained before reaching the surface of the reservoir, bubbles continue
to rise and initiate another plume. Detrained water sinks back through
the density field to a depth where it is neutrally buoyant and propagates

F. Chaaya et al.
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away from the centre of the plume (Mcdougall, 1978; Lewis et al., 1991;
Schladow, 1993). This movement of water causes local mixing in the
vicinity of the bubble plume, dismantling the water density structure

and breaking thermal stratification (Patterson and Imberger, 1989;
Ashby and Kennedy, 1993). The distinction between bubble plume
destratification and hypolimnetic oxygenation through bubble plumes

Fig. 2. Conceptual diagram showing bubble plume artificial destratification in a reservoir.

Fig. 3. Conceptual diagram showing artificial destratification with mechanical mixers installed at the surface.
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(Gantzer et al., 2009; Liboriussen et al., 2009; Bryant et al., 2011;
Munger et al., 2016; Preece et al., 2019) should be noted, as bubble
plume destratification is commonly referred to as “aeration” in litera-
ture. Hypolimnetic oxygenation aims to oxygenate low DO hypolimnion
water without breaking stratification by injecting bubbles small enough
to dissolve before reaching the surface. This may be beneficial in res-
ervoirs or lakes where the hypolimnion provides habitat for fish species
that prefer cooler water (Bryant et al., 2024).

Artificial destratification can also be achieved using mixers mounted
near the surface of the reservoir (Symons et al., 1970; Toetz, 1977; Suter
and Kilmore, 1990; Stephens and Imberger, 1993; Lewis, 2004; Hill
et al., 2008; Visser et al., 2016) (Fig. 3). These systems generally use a
raft-mounted impellor located just below the surface of the reservoir to
either jet surface water into deeper reservoir layers (Toetz, 1977), or to
draw-up water towards the surface (Symons et al., 1970). The impellors
are driven by a motor powered directly on the raft or nearby on shore.
Mechanical mixers can be accompanied by a draft tube that extends
below the raft to direct the water jet to a desired depth (Brookes et al.,
2008). Much like bubble plumes, the entrained water responds to the
water density variations and rises or sinks to a depth of neutral buoy-
ancy, creating a mixing effect and destratifying temperature gradients in
the vicinity of the system (Fig. 3).

3. Methodology for reviewing the effectiveness of artificial
destratification techniques

3.1. Considered reservoirs

An extensive global literature review was conducted of reservoirs
where artificial destratification infrastructure comprising bubble
plumes or mechanical mixers were used. The review considered infor-
mation from journal papers, conference papers, reports, previous sys-
tematic reviews as well as communications with reservoir managers. As
part of this review, 138 different artificial destratification systems in 114
different reservoirs worldwide were identified. Most of the identified
destratification systems were installed in reservoirs in Australia (53 %)
and the United States (31 %). This large representation is a symptom of
previous reviews undertaken in Australia and the United States
(Pastorok et al., 1981; McAuliffe and Rosich, 1989). While it is recog-
nised that these systems are used globally, literature pertaining to these
systems was not as readily available.

The effectiveness of destratification systems, in terms of their ability
to mitigate the impacts of reservoir stratification, was extracted and
collated into a “Destratification Library” (see supplementary materials).
The library contains key information about each destratification system
(e.g., air flow rate) and the reservoir in which it was implemented (e.g.,
capacity, depth) as well as their effectiveness in influencing thermal
stratification, DO concentrations, iron and manganese occurrence, and
potentially toxic cyanobacteria. This library is intended to be updated as
additional information on destratification systems becomes available.

In this review, reservoirs were categorised as either large or small
based on reservoir capacity (total volume of the reservoir at full stor-
age), and deep or shallow based on reservoir depth. These key physical
characteristics were considered independently due to their theoretical
influence on effectively mitigating the impacts of stratification. A
reservoir could be considered as shallow in terms of mean depth, and as
large in terms of the reservoir capacity (and vice versa).

Mean depth is considered a key physical characteristic due to its
impact on artificial destratification in terms of the energy required to
destratify (Schladow, 1993). Deeper reservoirs may increase the effec-
tiveness of destratification methods for mitigating cyanobacterial
growth, by mixing cyanobacteria to depths at which they are deprived of
light (Visser et al., 2016). Considering the large dam definition by
(ICOLD, 2011) in terms of dam height, deep reservoirs were classified as
those with a mean depth >15 m, and shallow reservoirs with a mean
depth <15 m.

Reservoir capacity is another key physical characteristic due to its
direct impact on the amount of energy required to break stratification
(Schladow, 1993). ICOLD (2011) defines large dams as being>3000ML;
however, this was found to be too small for the purposes of this review.
Based on the observed effectiveness of artificial destratification for
addressing thermal stratification from this review (see Section 4), a
threshold of 100,000 ML was found to be more appropriate for defining
large and small reservoirs, respectively.

3.2. Criteria for destratification success

This section discusses generalised definitions of success based on
qualitative information reported in the literature, as well as quantitative
metrics when available. In each case, success of the desired outcomes
was subjectively stated by the reservoir managers or assigned by the
authors.

3.2.1. Thermal stratification mitigation
Thermal stratification mitigation is the core measure of success of an

artificial destratification system. Thermal destratification would ideally
result in isothermal conditions in the reservoir water column (i.e., the
same temperature at the surface and bed); however, in practice, this has
been rarely achieved. Fluctuations in surface water temperatures caused
by natural diurnal variations in heating and cooling make it difficult to
achieve a constant temperature gradient across the reservoir depth at
any one time. Additionally, there is often a lag between heating at the
surface and heating at the bed. In this review, and where quantitative
data was available, near-isothermal conditions of <2 ◦C temperature
difference between the surface and reservoir bed were considered to
represent a destratified reservoir (e.g., Haynes, 1975). In cases where
quantitative data was not available, the qualitative reported success of
destratification was used.

A previous method for defining successful thermal destratification
considered the variation between the temperature in the river system
upstream and downstream of a reservoir (Sherman, 2000; New South
Wales Office of Water, 2011). The upstream temperature was considered
a surrogate for the “natural” temperature that should be targeted.
However, this approach may not be appropriate due to variability and
time lags between upstream and downstream river temperatures
resulting from the large reservoir water body acting as a heat sink be-
tween them. This approach was therefore not considered in this review.

Thermal stratification can be assessed in terms of the stability of a
reservoir, based on the density structure through the water column. The
Schmidt stability index (Schmidt, 1928; Idso, 1973) is a common
method of quantifying this, representing the work required to transform
the stratified density distribution into a uniform distribution without
any removal of heat. Bubble plume destratification models (Patterson
and Imberger, 1989; Schladow, 1993) make use of this concept to
quantify the mechanical energy input required over a period of time (i.
e., work) to create a uniform distribution in a stratified reservoir. This
approach requires knowledge of the stage-storage relationship of a
reservoir, which was not readily available in the literature. The goal of
this review was to synthesize the available information into comparable
outcomes, and, as such, this approach was not considered for this
review.

CWP was considered as to have been mitigated at sites displaying
effective thermal destratification. This approach does not address the
full complexity of CWP, and the definition of successful CWP mitigation
remains an area of research that needs to consider both practical capa-
bilities and realistic ecological targets that is beyond the scope of this
review (Preece and Jones, 2002; Astles et al., 2003; Michie et al., 2020a,
2020b, 2023).

3.2.2. Increase in dissolved oxygen and decrease in soluble metals
Dissolved oxygen as well as iron and manganese concentrations are

indicative of in-reservoir water quality. Generally, an increase in DO and
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decrease in iron and manganese concentrations associated with artificial
destratification can be considered a measure of success of reservoir
water quality mitigation. DO, iron and manganese concentrations are
closely linked in a reservoir environment, due to the elevated redox
potential in a stratified environment (Pastorok et al., 1981; Müller and
Mitrovic, 2015; Müller et al., 2016). Successful actions to increase DO
generally result in a decrease of iron and manganese concentrations.

In this review, mitigating poor water quality as a result of reservoir
stratification was considered as successful if DO levels were raised
consistently above 5 mg/L throughout the water column (homogenous
conditions) (Visser et al., 1996). DO of <5 mg/L at any depth was found
to negatively affect fish (Gibbs and Howard-Williams, 2018). Ashby and
Kennedy (1993) considered a similar threshold for successful water
quality improvements with DO between 4 and 6 mg/L at the bed and a
decrease in iron and manganese concentrations, as manganese is
released at the sediment-water interface when DO < 5 mg/L and soluble
iron is released when DO < 2 mg/L.

Nutrient dynamics, in particular those of nitrogen and phosphorus,
play a key role in reservoir water quality. Water quality is directly
impacted by internal nutrient loading occurring under hypoxic or anoxic
conditions (Beutel et al., 2008; Müller et al., 2016) as a result of strat-
ification. Due to the complexity of nutrient cycling in these environ-
ments, and the influence of external loading (Jeppesen et al., 2009;
Hamilton et al., 2016; Biswas et al., 2021), the direct outcomes of des-
tratification on nutrient dynamics were not considered in this review.
However, effectively increasing DO concentrations in a reservoir can be
considered a surrogate measure of the potential for reducing internal
nutrient loading. Similarly, the impacts of DO on the release of mercury
under highly reduced conditions (Beutel et al., 2008) is acknowledged
but not directly addressed in review.

3.2.3. Reduction in cyanobacterial populations
Defining successful cyanobacteria mitigation solely because of

reservoir destratification is difficult due to the number of external fac-
tors that impact cyanobacterial growth, including nutrient input and
available sunlight. Nevertheless, total cyanobacterial biovolume or cell
density should be measured at both the offtake level and throughout the
water column.

The Australian Guidelines for Managing Risks in Recreational Water
(NHMRC, 2008) outlines quantitative thresholds for potentially harmful
levels of cyanobacteria. “Green” level alert represents surveillance
mode, where levels do not exceed a threshold of 5000 cells/mL of
Microcystis aeruginosa or a total cyanobacteria biovolume of 0.4 mm3/L.
Successful operation of a destratification system should maintain con-
ditions below these recreational thresholds.

Consideration must be given to concentrations at varying depths as
artificial mixing distributes the normally surface-dominant cyanobac-
teria throughout the water column. To reduce cyanobacterial pop-
ulations, cyanobacteria should be mixed to a depth in the water column
at which they become light deprived. Below this depth, respiratory
losses overcome the photosynthetic growth, theoretically reducing the
potential for net growth (Visser et al., 2016; Gibbs and Howard-
Williams, 2018; Huisman et al., 2018). For artificial destratification to
be successful, the system should be capable of mixing cyanobacteria
deeper than the euphotic depth (depth at which only 1 % of incident
light remains). As a rule, the thermocline (or the depth of the reservoir
where thermal destratification is achieved) should be more than three
times the euphotic depth to mitigate cyanobacterial growth (Sherman,
2000; Gibbs and Howard-Williams, 2018).

Artificial mixing can be used to control cyanobacterial populations
by several other mechanisms. Bubble plumes or mechanical mixers can
break surface scums of potentially toxic cyanobacteria, such as Micro-
cystis aeruginosa and Dolichospermum circinale, which allows other pho-
totrophs to access sunlight. Once the water column is well-mixed,
cyanobacteria lose their competitive motility advantage that was ach-
ieved by buoyancy control. Artificial mixing also reduces the

sedimentation rate of larger benign algae, such as diatoms, and allows
them to compete more effectively with cyanobacteria for sunlight.
Finally, successful increase in bottom DO concentrations can limit algal
growth in general by reducing the rate of nutrient resuspension from the
sediment (Huisman et al., 2018).

Where a reservoir has an active destratification system, two common
metrics can be considered to define successful mitigation of potentially
toxic cyanobacteria. The first is an overall reduction in algal biomass
(generally determined by measuring chlorophyll-a concentrations or
cells densities) and the second is a shift in dominance from potentially
toxic cyanobacteria to more benign species such as green algae and di-
atoms (Visser et al., 1996). More generally though, a destratification
system can be considered successful if it results in a reduction of cya-
nobacterial biovolume, and unsuccessful if it does not decrease, or even
increase, cyanobacterial biovolume because of operational activities.
Given that cyanobacterial growth is impacted by many factors other
than thermal stratification, it is necessary to monitor cyanobacteria for
several years following the implementation of destratification to deter-
mine whether this intervention was successful at reducing cyanobacte-
rial populations.

3.3. Effectiveness criteria for reservoir destratification

A lack of consistent definitions and qualitative discussion used
throughout the reviewed literature made it difficult to directly compare
successful mitigation of reservoir stratification impacts among the res-
ervoirs reviewed. Data collection for each reservoir varied, so quanti-
tative measures for direct comparison were not consistently available.
This review therefore used more generalised definitions of successful
mitigation of the impacts of reservoir stratification that could be applied
to most cases reviewed and that were overall consistent with criteria
identified in Section 3.2.

Success, or lack thereof, was considered as four categorical outcomes
pertaining to the impacts of reservoir stratification:

• Mitigating thermal stratification (and mitigating CWP)
• Mitigating in-reservoir DO concentrations
• Mitigating the release of soluble metals
• Reducing potentially toxic cyanobacterial populations

For each of the above listed outcomes, each reviewed destratification
system was considered as successful, partially successful or unsuccessful
in mitigating their respective impacts as per the criteria listed in Table 1.
Net negative outcomes were considered for DO, soluble metals and
cyanobacteria, where destratification operations were observed to
further degrade water quality (with respect to each specific impact, as
detailed in Table 1). No net negative effect was considered for mitigating
thermal stratification, as it is not possible for destratification to increase
existing stratification.

4. Assessing the effectiveness of bubble plume destratification

All background information and data presented in this section is also
provided in the Destratification Library (supplementary materials).
Bubble plume systems were found to be the most utilised artificial
destratification systems, comprising 84 % (116 cases) of the systems
reviewed. The preference for these systems is typically associated with
their perceived low costs (compared to retrofitting selective withdrawal
infrastructure); however, the successful design and operation of these
systems has varied. Most bubble plume systems reviewed were installed
in small reservoirs by capacity (80 %) and reservoir depth (74 %).

Fig. 4 shows the overall outcomes for each of the impacts assessed for
bubble plume destratification.
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4.1. Mitigation of thermal stratification

Bubble plume systems were found to be an effective way of miti-
gating thermal stratification and CWP. Where the effects on thermal
destratification were reported (94 cases), it was found that 85 % of
bubble plume systems either fully or partially mitigated thermal strati-
fication, with 55 % resulting in full destratification and maintaining
near-isothermal conditions. Conversely, 15% of systems did not result in
a change in thermal stratification (Fig. 4).

Reservoir capacity was found to be an important factor in the
effectiveness of bubble plume systems for mitigating thermal stratifi-
cation. In small reservoirs with a capacity of <100,000 ML, 91 % of
systems were reported to either fully or partially mitigate thermal
stratification with 61 % of systems achieving full destratification. In
large reservoirs with a capacity >100,000 ML, only 65 % of systems
resulted in full or partial mitigation of thermal stratification and only 35
% of systems were capable of full destratification. The primary design
parameter for effective bubble plume destratification was the air flow

Table 1
Criteria for effective mitigation of the impacts of reservoir stratification.

Outcome Impact

Thermal stratification Dissolved oxygen Soluble metals Cyanobacteria

Successful System capable of disrupting
stratification and/or maintaining
isothermal conditions throughout the
reservoir and water column

System disrupted DO stratification,
increased DO in previously hypoxic or
anoxic water and created near-
homogenous DO conditions throughout
the water column

System successfully reduced
high concentrations of iron
and/or manganese in the
reservoir

System successfully reduced potentially
toxic cyanobacterial populations and did
not lead to a significant increase in other
algal populations

Partially
successful

System capable of reducing thermal
stratification, but incapable of creating
isothermal conditions throughout the
reservoir, or system was able to
partially mitigate CWP downstream

System increased DO close to the bed,
however failed to either create
homogenous DO conditions throughout
the water column or to increase DO to a
level deemed ‘acceptable’ for water
quality purposes

System reduced iron and/or
manganese concentrations but
not to an ‘acceptable’ level for
water quality purposes

System reduced potentially toxic
cyanobacterial populations but led to an
increase in other algal populations, or
system reduced potentially toxic
cyanobacteria populations but didn’t
eliminate the issues it caused

Unsuccessful System incapable of disrupting
stratification and/or maintaining
isothermal conditions throughout the
reservoir and water column

System did not increase DO
concentrations near the bed and
throughout the water column

System did not reduce iron
and/or manganese
concentrations in the
reservoir

System did not reduce potentially toxic
cyanobacterial populations in the
reservoir

Net negative
impact

System operation resulted in a decrease
in DO in the reservoir

System operation resulted in
an increase in iron and/or
manganese concentrations in
the reservoir

System led to an increase in potentially
toxic cyanobacterial populations, or a
significant increase in overall algal
populations, due to increased nutrient
supply

Fig. 4. Percentage of successful, partially successful, unsuccessful and net negative outcomes on the impacts of stratification as a result of bubble plume
destratification.
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rate used to destratify the reservoir. This is highlighted in Fig. 5a, which
shows successful, partially successful and unsuccessful thermal destra-
tification cases in terms of the reservoir capacity of each system as a
function of the ratio between the air flow rate (Qd, as L/s) and volume of
the reservoir (Vr, as ML), herein referred to as the volumetric destrati-
fication coefficient (VDC):

VDC =
Qd

Vr
(1)

For the reviewed reservoirs, as reservoir capacity increases, the
volumetric destratification coefficient tends to decrease. As the volu-
metric destratification coefficient decreases, there are an increasing
number of cases where thermal destratification was unsuccessful. This
effectively means that bubble plume systems were often under designed
for larger reservoirs, i.e., air flow rates appeared to be too low for suc-
cessful destratification (Fig. 5a).

Fig. 5b shows the effectiveness for destratification with bubble
plumes for the reviewed reservoirs as a function of mean depth, and
ratio of air flow rate and mean depth (referred to as the depth destra-
tification coefficient). Variations in reservoir mean depth did not appear
to impact effective thermal destratification as much as the reservoir
capacity. Thermal destratification with bubble plume systems in shallow
(mean depth< 15 m) and deep (mean depth > 15 m) reservoirs resulted
in similar results with either full or partial mitigation in 88 % and 73 %
of cases, respectively, with full destratification reported in 54 % and 55
% of cases, respectively. While the reservoir depth is an important
design parameter, results suggest that the effects of water depth are
partially offset by the nature of rising bubbles continuing to rise and
destratify, regardless of the depth.

4.2. Increase in dissolved oxygen and decrease in soluble metals

Bubble plume destratification systems were found to be an effective
way of increasing DO in reservoirs. Out of the 79 cases that reported DO
observations after destratification, 86 % reported increased DO con-
centrations and 66 % reported full restoration of DO concentrations to
an acceptable level throughout the water column. Only 13 % of cases
reported that bubble plume destratification resulted in no positive effect
on DO concentrations, with one case reporting an undesirable decrease
in DO concentrations (Fig. 4).

As with thermal destratification, reservoir capacity was found to

impact the success of destratification for increasing DO concentrations.
For large reservoirs, only 36 % of cases reported full restoration of DO
concentrations to an acceptable level, and 64 % reported partial effec-
tiveness. These numbers increased to 72 % and 91 % respectively for
small reservoirs. Reservoir mean depth was found to have a less signif-
icant impact on the successful increase of DO concentrations, compared
to reservoir capacity. For deep reservoirs, 53 % reported full restoration
of DO concentrations and 76 % reported partial or full effectiveness,
while this increased to 68 % and 88 % respectively for shallow
reservoirs.

Similar success was reported for reducing iron or manganese con-
centrations through bubble plume destratification, albeit in a smaller
number of cases. Where these effects were measured (51 cases), 65 % of
systems were reported to reduce iron or manganese concentrations to an
acceptable level for water quality. A further 16 % reported at least some
decrease in soluble metal concentrations. Conversely, 20 % of cases
reported no decrease in iron or manganese concentrations (Fig. 4). The
results confirm a key link between increasing DO and successfully
decreasing iron and manganese concentrations. For cases where DO was
successfully increased, 85 % of reported bubble plume destratification
systems also successfully decreased iron and manganese concentrations.

Trends in successful increase in DO concentrations and reduction in
iron and manganese concentrations (Fig. 6) are similar to those of suc-
cessful thermal destratification (see Fig. 5), with regards to reservoir
capacity and the volumetric destratification coefficient. This highlights
the link between successful thermal destratification and successful
mitigation of DO, iron and manganese-related water quality impacts.
For systems where full thermal destratification was achieved, 77 % re-
ported full restoration of DO concentrations and 90 % reported at least
some increase in DO concentrations. This result demonstrates the
capability of bubble plume destratification to mitigate concurrent im-
pacts of reservoir stratification.

The overall trends between successful increases in DO concentration
with increasing volumetric destratification coefficient would be even
stronger without three unsuccessful cases in reservoirs of <5000 ML
capacity (Fig. 6a). In two of these reservoirs, low DO levels were
attributed to high biological oxygen demand (BOD) (Pastorok et al.,
1981; Osgood and Stiegler, 1990). In such small capacity reservoirs with
high BOD, the presence of stratification might limit hypoxia or anoxia to
the area below the thermocline, while mixing might have an undesired
effect, allowing hypoxic or anoxic conditions to form throughout the

Fig. 5. Success of bubble plume thermal destratification: (a) as a function of reservoir capacity and the volumetric destratification coefficient, with a dashed line
indicating a volumetric destratification coefficient of 0.005 L/s/ML; (b) as a function of reservoir mean depth and the depth destratification coefficient.
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entire reservoir. In the third case, the lack of success in achieving
thermal destratification was attributed to the ineffectiveness at
increasing DO (McAuliffe and Rosich, 1989).

4.3. Reduction in cyanobacterial populations

The effectiveness of bubble plume destratification for reducing
potentially toxic cyanobacterial populations (this outcome herein
referred to as “reducing cyanobacterial populations”) was found to be
significantly more varied compared to the other outcomes previously
discussed. Where the effects on cyanobacteria populations were re-
ported (59 cases), only 37 % reported successful reduction in pop-
ulations, while 12 % reported partial success. A further 34% reported no
reduction of cyanobacterial populations, and 17 % found a net negative
effect with increases to cyanobacterial populations (Fig. 4).

Physical reservoir characteristics on their own did not appear to have
a significant impact on successful reduction of cyanobacterial pop-
ulations. Mean reservoir depth has theoretically the greatest impact on
reduction of cyanobacterial populations, as a deeper reservoir provides a
greater water column depth over which the normally buoyant cyano-
bacteria can be mixed, limiting light and therefore growth. For reser-
voirs deeper than 15 m, 54 % reported successful or partially successful
reduction of cyanobacterial populations and 46 % reported no reduction
or a net negative effect. For reservoirs shallower than 15 m, these out-
comes were reported in 47 % and 53 % of cases, respectively. For res-
ervoirs with a capacity >100,000 ML, 30 % reported successful or
partially successful reduction of cyanobacterial populations and 70 %
reported no reduction or a net negative effect. For reservoirs with a
capacity <100,000 ML, these outcomes were reported in 53 % and 47 %
of cases, respectively.

Successful thermal destratification should theoretically promote
successful reduction of cyanobacterial populations. In cases where
thermal destratification was successfully achieved, 63 % of cases re-
ported successful or partially successful reduction of cyanobacterial
populations and 37 % reported no reduction or a net negative effect.
Conversely, in cases where thermal destratification was not achieved,
100 % of cases (n= six) reported no reduction or a net negative effect on
cyanobacteria. While success was varied, these results demonstrate the
importance of achieving thermal destratification for improving cyano-
bacteria outcomes, as well as the risks associated with unsuccessful

destratification. Fig. 7 further demonstrates this trend, showing varied
success over a range of reservoir sizes, trending towards unsuccessful or
net negative impact outcomes as the volumetric destratification coeffi-
cient decreases, which is consistent with decreasing thermal destratifi-
cation success (Fig. 7a). Similarly, when only considering cases where
thermal destratification was successful (Fig. 7b), the number of cases of
successful or partially successful reduction of cyanobacterial pop-
ulations increased.

Theoretically, cases where thermal destratification has been ach-
ieved and the reservoir is relatively deep should result in the highest
chance of cyanobacteria reduction. These theoretical considerations
were confirmed by the analysed data for cases where thermal destrati-
fication was successfully achieved. For the reservoirs with depth< 15m,
57 % of cases reported successful or partially successful reduction of
cyanobacteria populations and 43 % reported no reduction or a net
negative effect. Conversely, in reservoirs with depth > 15 m, 75 % of
cases reported successful or partially successful reduction of cyanobac-
teria populations and only 25 % reported no reduction or a net negative
effect (Fig. 7c and d). Successful reduction of cyanobacteria populations
was most likely for cases where thermal destratification was successful
and reservoir mean depth was>15 m (Fig. 7c), highlighting the benefits
of deeper reservoirs for mitigation of cyanobacteria when thermal des-
tratification is successfully achieved.

5. Assessing the effectiveness of mechanical mixer
destratification

Mechanical mixers (primarily surface-based) have been used in a
much smaller sample of reservoirs compared to bubble plume systems,
comprising 16 % of the systems reviewed (22 cases) (see “Destratifica-
tion Library” in supplementary material). Mechanical mixers have
typically been used in smaller reservoirs, with 86 % and 77 % of the
systems being installed in small reservoirs by capacity and mean depth,
respectively. All but one of the reviewed mechanical mixer systems were
installed in reservoirs with a capacity of 124,000 ML or less, while for
the much larger Douglas Dam (~1,730,000ML), the surface mixers were
specifically used to promote local mixing near the offtake and were not
designed for destratification (Mobley et al., 1995).

Fig. 8 shows the overall outcomes for each of the impacts assessed for
mechanical mixer destratification.

Fig. 6. Success of bubble plume destratification to improve water quality as a function of the reservoir volume and volumetric destratification coefficient in terms of
(a) increasing DO concentrations; and (b) decreasing iron or manganese concentrations.
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Given the significantly smaller number of cases available for me-
chanical mixers and the low representation in large reservoirs by ca-
pacity and deep reservoirs by mean depth, this section does not
differentiate the reservoir size for the effectiveness of mechanical
mixers. As presented in the following sub-sections, it was difficult to
draw key links between system design, reservoir physical characteristics
and concurrent outcomes such as thermal destratification and increases
in DO concentrations as was found in the bubble plume assessment
(Section 4). For the small number of cases (12) that reported design jet
flow rates, Fig. 9 summarises the key information on the effectiveness of
mechanical mixers to address reservoir issues of thermal stratification
(Fig. 9a), DO concentrations (Fig. 9b), manganese and iron

concentrations (Fig. 9c) and cyanobacteria (Fig. 9d). These outcomes are
plotted as a function of the reservoir capacity and volumetric destrati-
fication coefficient for mechanical mixers that used the water flow rate
instead of the air flow rate for bubble plume systems. For all these pa-
rameters, there was strong variation in effectiveness with mixer per-
formances, different mixer designs and reservoir characteristics, making
it difficult to draw definitive conclusions. Some mixers worked well to
mitigate some thermal stratification issues, while simultaneously not
addressing parallel issues. Despite the inconclusive results in Fig. 9, key
information for each parameter is summarised and critically assessed in
the following sub-sections.

Fig. 7. Success of bubble plume destratification for suppressing cyanobacteria as a function of reservoir capacity and the volumetric destratification coefficient: (a)
all reported cases; (b) all cases where successful thermal destratification has been achieved; (c) cases where successful thermal destratification has been achieved and
reservoir mean depth is >15 m; and (d) cases where successful thermal destratification has been achieved and reservoir mean depth is <15 m.

F. Chaaya et al.



Science of the Total Environment 967 (2025) 178738

11

5.1. Mitigation of thermal stratification

Mechanical mixers had varied success in mitigating thermal strati-
fication (Fig. 9a). Of the 18 cases that reported the effects of mechanical
mixers on thermal stratification, five reported full thermal destratifica-
tion, nine reported partial thermal destratification, and four reported
unsuccessful thermal destratification (Fig. 8). The largest reservoir in
which full thermal destratification was achieved had a capacity of
approximately 30,000 ML.

Four of the five systems that reported full thermal destratification
utilised draft tubes. The other successful system utilised an unconfined
jet (i.e., no draft tube) in a small reservoir (Ham’s Lake) of 1150ML with
a mean depth of 2.9 m (McClintock and Wilhm, 1977; Toetz, 1977).
These results, albeit from a small number of samples, suggest that a draft
tube is needed to mitigate thermal stratification, except in very shallow
reservoirs.

5.2. Increase in dissolved oxygen (and decrease in soluble metals)

Varied success in operating mechanicals mixers was also found in
terms of increasing DO concentrations (Fig. 9b) and reducing manga-
nese and iron concentrations (Fig. 9c). In the 14 studies that reported the
effects on DO concentrations, six systems increased DO concentrations
to an acceptable level within the reservoir, four were found to either
increase DO by a smaller than acceptable amount or improve DO con-
centrations downstream, four were reported to have no effect on DO
concentrations, while one system reported a decrease in DO concen-
trations following operations (Fig. 8).

There was no clear link between reservoir size and the effectiveness
of mechanical mixers for successfully increasing DO concentrations for
reservoirs ranging from 2.9 to 14 m mean depth, and from 89 to 30,140
ML capacity. Similarly, there was no clear trend for cases that reported a

lack of success in increasing DO concentrations for reservoirs ranging
from 2.1 to 7.6 m mean depth and with 121 to 111,720 ML capacity.
There was also no clear link between mitigating thermal stratification
and DO concentrations. Of the five cases that reported full thermal
destratification, two cases reported no changes to DO concentrations,
two reported successful increases in DO concentrations, and one case
reported minor changes but not to an acceptable level. For the four
systems that were unable to achieve any thermal destratification, two
reported no changes to DO concentrations and two reported full resto-
ration of DO concentrations to an acceptable level.

Similar inconclusive results were found for reducing iron and man-
ganese concentrations with only four cases reporting outcomes (Fig. 8).
Two of these four cases reported outcomes aligned with the effects on
DO concentrations, while there was no link for the expected outcomes of
the other two cases.

5.3. Reduction in cyanobacterial populations

Mechanical mixers were found to have varied success in reducing
cyanobacteria populations in reservoirs (Fig. 9d). Of the twelve cases
that reported on cyanobacteria populations, only five reported suc-
cessful reduction of cyanobacteria populations, two reported partial
success, three reported no improvements, and two reported a net
negative effect (Fig. 8). There were no clear links between the reservoir
sizes and depth and cyanobacteria mitigation.

However, a link seems to exist between the effectiveness of thermal
destratification and the effectiveness in reducing cyanobacterial pop-
ulations. Two of the five cases that reported successful reduction of
cyanobacteria populations reported full thermal destratification and one
of these cases reporting partial thermal destratification. These three
cases were all in relatively small reservoirs with capacity≤1554ML. The
link between unsuccessful or partially successful thermal

Fig. 8. Percentage of successful, partially successful, unsuccessful and net negative outcomes on the impacts of stratification as a result of mechanical mixer
destratification.
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destratification and unsuccessful cyanobacteria reduction was also
observed for mechanical mixer systems. The three cases that reported no
cyanobacteria reduction reported partial thermal destratification and
the two cases that reported an increase in cyanobacteria populations
reported unsuccessful thermal destratification.

The effects of draft tubes were also pronounced, with all five cases
where cyanobacteria were successfully suppressed utilising a draft tube.
For the three cases where a draft tube was used and cyanobacteria
remained an issue, thermal destratification was not achieved. In two of
these cases, water was pumped from the bed to the surface, likely
drawing nutrients from the hypoxic or anoxic section near the bed of the
reservoir and promoting cyanobacterial growth.

6. Discussion

The results of this review on artificial destratification systems
confirm their general effectiveness as a means of mitigating the impacts

of reservoir stratification. While there were cases of the systems not
being effective, the ineffectiveness may be attributed to under-designing
the systems. Additionally, the review highlighted important design and
operation considerations that could improve the effectiveness of newly
implemented systems, particularly for bubble plume destratification.
Lessons learned on the effectiveness of artificial destratification systems
and design recommendations are discussed in the following sub-
sections. Further details on the advantages and disadvantages of artifi-
cial destratification systems are summarised in the Supplementary
material.

6.1. Effectiveness of artificial destratification systems

6.1.1. Bubble plumes vs. mechanical mixers
The review demonstrated that, overall, bubble plume destratification

(Fig. 4) was more effective as a solution than mechanical mixers (Fig. 8),
in particular in larger capacity reservoirs. There was limited

Fig. 9. Success of mechanical mixer destratification as a function of reservoir capacity and volumetric destratification coefficient: (a): Success for thermal destra-
tification; (b) Success for increasing DO concentrations; (c) Success for decreasing manganese or iron concentrations; and (d) Success for suppressing cyanobacteria.
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demonstrated success of mechanical mixers to thermally destratify
larger reservoirs, likely due to the limited localised mixing created by
the mixer jet. Draft tubes were key to successful outcomes of mechanical
mixers in terms of both thermal destratification and improvements to
water quality. The need for draft tubes highlights an inherent flaw with
mechanical mixers in large reservoirs, especially those with significant
depths. While the draft tube can confine the jet and ensure it reaches the
bed, it requires a more complicated installation in deeper reservoirs
where internal currents place a large load on the draft tube. Addition-
ally, the draft tube must be able to account for variations in reservoir
water levels. Considering these limitations, mechanical mixers appear
better suited for localised mixing and not destratification of the whole
reservoir. The system at Douglas Dam (Mobley et al., 1995) provides an
example of this, where the system is only operated near the dam wall to
mix surface waters to the depth of the offtake for release events (a
pseudo form of selective withdrawal). This, however, is not a practical
solution if cyanobacterial blooms are present, as the cyanobacteria could
be released downstream. Further consideration on the use design,
installation, operation and cost of mechanical mixers is provided in the
Supplementary Material S3.

By comparison, bubble plumes were found to be more effective at
artificial destratification in both large and small reservoirs, highlighting
the scalability of bubble plume systems to match reservoir characteris-
tics. The scalability is closely linked with the physical processes of rising
bubbles, which can entrain and detrain water more than once while
rising through the water column, making it effective even for deep
reservoirs (Fig. 2). Effective reservoir thermal destratification requires
sufficient air flow rate (Fig. 5a), such that the energy input (air flow rate)
can overcome the stratifying effects of surface water heating.

6.1.2. Bubble plume artificial destratification success
Bubble plume artificial destratification was shown to be able to

remediate the impacts of stratification within the reservoir environment.
Moreover, a correctly designed bubble plume destratification system is
capable of concurrently mitigating thermal stratification (and conse-
quently, mitigating CWP), increasing DO concentrations, lowering iron
and manganese concentrations and reducing potentially toxic cyano-
bacterial populations. These effects are not only beneficial for the
reservoir, but also for the downstream river system as full thermal
destratification and the reduction of cyanobacteria populations in the
reservoir can effectively mitigate cold, poor water quality hypolimnetic
releases and the transport of cyanobacteria downstream.

The review demonstrated the link between thermal destratification
andmitigating issues associated with anoxia and hypoxia due to a lack of
water mixing below the thermocline. In systems that were able to break
the thermocline and stratification or inhibit the onset of stratification
entirely, DO concentrations were commonly restored to an acceptable
level throughout the water column. Conversely, DO concentrations often
remained low when thermal destratification was not achieved due to a
lack of mixing through the water column.

By restoring DO concentrations throughout the water column
including next to the bed, other water quality issues were often miti-
gated. Iron and manganese concentrations were commonly reported to
reduce with increased DO concentrations, highlighting the concurrent
benefits of mitigating thermal stratification in a reservoir as well as the
additional benefits to water suppliers due to reduced water treatment
costs.

While theoretically achievable, the success of cyanobacterial popu-
lation reduction through artificial destratification was found to be mixed
(Sections 4.3 and 5.3). Successful thermal destratification was found to
be an important factor in the success of reducing cyanobacterial pop-
ulations. This is likely due to both the removal of the competitive
advantage buoyant cyanobacteria have over other algae species in a
stratified environment and the physical mixing of cyanobacteria to a
depth at which it becomes light deprived (Visser et al., 2016). Where
thermal destratification was not achieved, increased cyanobacteria

concentrations were sometimes observed. In these cases, the artificial
destratification systems may have been unable to mix the water column
and hypoxic conditions remained near the bed. Under this scenario,
nutrients would continue to be released from bed sediments and, while
these nutrients would otherwise be contained below the thermocline,
the destratification system might facilitate increased cyanobacterial
growth by transporting some of these nutrients to the reservoir surface.
Additionally, the importance of reservoir depth in conjunction with
thermal destratification was highlighted by the increasing success with
suppressing cyanobacteria when thermal destratification was achieved
in deeper reservoirs. This observation is likely due to the greater depth
over which cyanobacteria can be deprived of light.

6.2. Design, operation and maintenance considerations for bubble plume
destratification

While the review found that bubble plume destratification was an
effective method for mitigating reservoir stratification impacts, limita-
tions and failed cases were noted. The following discussion provides a
summary of considerations for both the design and operation of bubble
plume systems for reservoir destratification with the intention of
assisting future use cases. The discussion provides important recom-
mendations that can aid in the application of bubble plume systems,
with further research on bubble plume systems installed in reservoirs
recommended for the purpose of establishing general design guidelines.

6.2.1. Design considerations
Air flow rate is a key design parameter for bubble plume systems to

achieve full thermal destratification. Importantly, the maximum design
air flow rate influences bubble plume design parameters including
compressor sizing, pipe sizing, and diffuser nozzle configuration. As
shown in this review, a volumetric destratification coefficient (i.e., the
ratio of air flow rate in L/s to reservoir capacity in ML) of above 0.005 L/
s/ML appears to be sufficient to achieve destratification (Fig. 5a), based
on there being no unsuccessful destratification attempts above this
threshold. The threshold of 0.005 L/s/ML appears to be adequate for full
or partial success in increasing DO concentrations (Fig. 6a; omitting the
three specifically discussed cases in Section 4.2), and in reducing iron
and manganese concentrations (Fig. 6b). Further, the threshold of 0.005
L/s/ML is also adequate for suppressing cyanobacteria concentrations or
blooms in reservoirs with a mean depth > 15 m where thermal destra-
tification is achieved (Fig. 8c) (noting that this is based on a small
sample size of n = eight). For the practical design of a bubble plume
system, theoretical bubble plume models can be used as a first pass to
determine flow rates under static conditions (Mcdougall, 1978;
Schladow, 1993). Dynamic numerical models can then be used to refine
air flow rates based on the response of a reservoir to temporally varying
hydrodynamic and meteorological conditions (Yu et al., 2022, 2024).

Compressor sizing, pipeline sizes, and diffuser nozzle sizes and
configurations should consider the pneumatics of bubble plume systems,
including pressure losses along the pipeline, hydrostatic pressure of the
water above the diffuser, and the pressure required to purge the diffuser
if full of water. Additionally, nozzles should be designed to equally
distribute air flow rates across the length of the diffuser (Lewis et al.,
1991). Consideration should also be given to the costs to install at
remote sites, especially large capacity reservoirs that require a large
compressor and diffuser setup. Additional power infrastructure may be
required to facilitate operations, unless local renewable energy solutions
can offset compressor energy usage.

Historically, high operating costs have likely limited the application
and success of thermal destratification in large reservoirs, leading to
under-designed systems and ineffective destratification. Bubble plume
systems should consider the use of renewable energy procurement to
offset the long-term operational and environmental costs of reservoir
destratification. While renewables come at a high capital cost, there are
long-term operational savings, particularly in remote locations. The
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effects of renewable-only procured energy on operational procedures
should also be considered. For example, if solar energy is used, opera-
tions may only be available during sunlight hours unless significant
battery storage is employed. Further research is required to understand
whether intermittent operations could be a less or more efficient means
of artificial destratification.

Diffusers situated too close to the reservoir bed may scour bottom
sediments, which then entrain in the rising plume and affect water
quality by supplying nutrients to cyanobacteria at the surface while also
increasing turbidity (Brosnan and Cooke, 1987; Ryan et al., 2001). For
larger reservoirs where offtakes may not be located close to the bed,
strategic placement of diffusers further above the bed to partially des-
tratify the reservoir may be an effective way of reducing costs, as
demonstrated previously (Pastorok et al., 1981; Becker et al., 2006).
While mixing to the depth of the diffusers may be beneficial for CWP
mitigation, poor quality water may remain an issue in the water below
the diffuser (Bryant et al., 2024).

6.2.2. Operation and maintenance considerations
Artificial destratification should be initiated before the onset of

stratification in spring, as breaking strong thermal stratification requires
a significantly larger amount of energy than simply maintaining a des-
tratified reservoir. Bubble plume systems, however, should be designed
with the capability to overcome the strongest expected stratification. In
the event of a diffuser line or compressor malfunction, stratification may
quickly re-establish, and thus the systemmust be able to break a stronger
thermal stratification than it would in maintenance operation.

Variable speed drive (VSD) compressors should be considered for
bubble plume destratification systems. While these come at a higher
capital cost compared to fixed speed compressors, they allow for the
control of air flow rates, hence reducing long-term operational costs.
The energy (i.e., air flow rate) required to destratify a reservoir varies
based on the density structure in the reservoir (Schladow, 1993). A VSD
compressor would allow for optimised operations by changing air flow
rates to maintain a destratified reservoir, but relevant data on density,
temperature, and water quality conditions need to be routinely moni-
tored across the depth of the reservoir to guide optimised operation.

While warming the hypolimnion may improve CWP issues down-
stream, it can negatively impact water quality in the reservoir. At the
reservoir bed sediment-water interface, warmer water can increase
biogeochemical reactions and subsequently biological oxygen demand
(Sherman et al., 2001). These conditions may deplete DO throughout the
water column faster than in stratified conditions, resulting in the
ongoing release of soluble metals and nutrients. This emphasises the
need for adequate destratification, to ensure the re-oxygenation at the
surface can compensate for the increased oxygen demand at the bed
under warmer conditions.

Intermittent operations may be an effective way of reducing the high
operational costs of bubble plume destratification. Some historical ex-
amples of intermittent operations have reported negative impacts,
particular around the reduction of cyanobacteria populations (McAuliffe
and Rosich, 1989; Visser et al., 1996). In these cases, intermittent op-
erations led to an increase in cyanobacterial populations, potentially due
to the inconsistent light limitation that continuous operations can pro-
vide or the intermittent periods which allowed cyanobacteria to re-
establish at the surface. Conversely, some studies suggested that var-
ied operations of bubble plumes, including intermittent operations, can
prevent cyanobacteria from acclimating to the new density regime
(Steinberg and Zimmermann, 1988). Further research is required to
assess the effectiveness of non-continuous operations and to identify
optimised operation.

Installation procedures should consider long-term maintenance of
diffusers and pipelines. In deeper reservoirs especially, maintenance
would preferably be performed at or close to the reservoir surface (as
opposed to divers performing maintenance at the bed). A system for
raising the installed pipeline and the diffusers from the bed of the

reservoir should be considered.
Depending on the bathymetry of a reservoir, it may be nearly

impossible to control cyanobacteria with bubble plume destratification,
as the euphotic depth may be limited and therefore still provide
favourable conditions for growth (Gibbs and Howard-Williams, 2018).
Where the system may effectively mitigate thermal destratification,
broad expanses of shallow water may allow cyanobacteria to continue
dominating surface waters, and even become more of an issue due to
entrained nutrients that can increase growth rates (Sherman et al.,
2001). If cyanobacteria populations are not controlled through bubble
plume destratification, the system may cause more harm than good by
mixing potentially toxic cyanobacteria down to a deep offtake that
would have otherwise avoided downstream discharging. Similarly,
bubble plume destratification may increase the negative effects of an
inflow event, by lifting nutrients to the surface that would otherwise
settle to the bed, thereby promoting cyanobacterial growth.

7. Conclusion

A critical review of artificial destratification systems in reservoirs has
shown that such systems can mitigate the impacts of reservoir stratifi-
cation by artificially mixing the water column and breaking the ther-
mocline to allow heating and oxygenation at the surface to reach the
reservoir bed. This usually inhibits the release of soluble metals and
nutrients, improving water quality in and downstream of the reservoir,
and mitigates the release of cold water, which can negatively impact
riverine ecosystems downstream. Artificial destratification was also
found to be capable of suppressing the growth of potentially toxic cya-
nobacteria, by both removing the buoyancy advantage they have in the
stratified environment and physically mixing the normally surface-
dominant cyanobacteria to a depth at which they become light deprived.

The two most common artificial destratification systems were eval-
uated, with mechanical mixers being utilised considerably less
frequently (16%) than bubble plume systems (84%). Mechanical mixers
had varying effectiveness at thermal destratification and mitigation of
reservoir water quality impacts, were generally installed in smaller
reservoirs and, through this review, deemed to not be viable for scaled
destratification operations in large capacity reservoirs. The most effec-
tive use for mechanical mixers was in localised operations, where the
systems were operated to jet warmwater down to the depth of an offtake
during water release events.

Bubble plume systems have been effectively used across a range of
reservoir sizes, highlighting their feasibility for concurrently mitigating
all the impacts of reservoir stratification. Their successful mitigation of
thermal stratification was closely linked with correctly designed air flow
rates based on reservoir capacity, which was represented by a ratio of
the air flow rate (in L/s) to reservoir capacity (in ML), referred to as the
volumetric destratification coefficient. Unsuccessful mitigation of ther-
mal stratification was primarily reported in large reservoirs, where the
volumetric destratification coefficient was insufficient to effectively
destratify the reservoir. Failed thermal destratification was observed for
volumetric destratification coefficients of <0.005 L/s/ML, which could
be considered a first-pass design check for the required air flowrates.

Where bubble plume systems were effective in terms of thermal
destratification, they were commonly reported to mitigate other impacts
of reservoir stratification, with 90 % of reservoirs reporting dissolved
oxygen restoration in cases where thermal destratification was achieved.
Where dissolved oxygen concentrations were restored, iron and man-
ganese concentrations were reduced in 85 % of reservoirs. While less
success was reported in terms of reducing (potentially toxic) cyano-
bacterial populations, success was more likely where thermal destrati-
fication was achieved, particularly in reservoirs deeper than 15 m.

Bubble plumes represent a scalable solution, which could theoreti-
cally be applied in a reservoir of any size. These systems are primarily
limited by the operational costs required to run compressors with an
adequate air flow rate, especially in large reservoirs; however, there is
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potential for these operational costs to be offset through optimised op-
erations and the use of local renewable energy. While the present review
provided a comprehensive data base and key recommendations for
artificial destratification, further research is needed to provide more
quantitative data for the development of detailed design guidelines and
optimised operations.
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