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Abstract Studies that examine the effects of artificial mixing for water-quality mitigation in lakes and
reservoirs often view a water column with a one-dimensional (1-D) perspective (e.g., homogenized epilimnetic
and hypolimnetic layers). Artificial mixing in natural water bodies, however, is inherently three dimensional
(3-D). Using a 3-D approach experimentally and numerically, the present study visualizes thermal structure
and analyzes constituent transport under the influence of artificial mixing in a shallow drinking-water
reservoir. The purpose is to improve the understanding of artificial mixing, which may help to better design
and operate mixing systems. In this reservoir, a side-stream supersaturation (SSS) hypolimnetic oxygenation
system and an epilimnetic bubble-plume mixing (EM) system were concurrently deployed in the deep region.
The present study found that, while the mixing induced by the SSS system does not have a distinct 3-D effect
on the thermal structure, epilimnetic mixing by the EM system causes 3-D heterogeneity. In the experiments,
epilimnetic mixing deepened the lower metalimnetic boundary near the diffuser by about 1 m, with 55%
reduction of the deepening rate at 120 m upstream of the diffuser. In a tracer study using a 3-D hydrodynamic
model, the operational flow rate of the EM system is found to be an important short-term driver of constituent
transport in the reservoir, whereas the duration of the EM system operation is the dominant long-term driver.
The results suggest that artificial mixing substantially alters both 3-D thermal structure and constituent trans-
port, and thus needs to be taken into account for reservoir management.

1. Introduction

Engineered systems that mix and/or oxygenate are increasingly deployed in lakes and reservoirs for water-
quality management (e.g., Imteaz & Asaeda, 2000; Singleton & Little, 2006; Toffolon et al., 2013; Visser et al.,
2016). Understanding the performance of oxygenation and mixing systems is crucial for successful design
and operation to improve water quality and avoid adverse unintended outcomes (see Imteaz et al., 2009).
Water bodies with strong stratification may develop anoxia due to microbial respiration and the lack of mix-
ing across the thermocline. Anoxia in the hypolimnion stimulates internal nutrient loading due to the reduc-
tion of redox potential at the sediment-water interface, which may cause the release of phosphorus (Lake
et al., 2007; N€urnberg et al., 1986). Studies have shown that, with proper design, oxygenation devices can
replenish depleted dissolved oxygen (DO) in the hypolimnion (Gantzer et al., 2009; Gerling et al., 2014;
Sherman et al., 2012; W€uest et al., 1992), which may help to suppress the release of ammonium, phospho-
rus, and reduced iron and manganese from the sediments (Davison, 1993; Gerling et al., 2014, 2016; Munger
et al., 2016; Singleton & Little, 2006). On the other hand, mixing and destratification systems can be used to
enhance vertical exchange of DO in water by reducing thermal stability and to keep the well-mixed water
oxygenated (Fernandez et al., 2012).

In contrast, poorly operated oxygenation and mixing systems may give rise to detrimental effects, such as
premature destratification and deterioration of water quality (N€urnberg et al., 2003; Toffolon et al., 2013).
Thermal destratification caused by artificial mixing may increase nutrient transport causing surface algal
blooms during summer stratified periods (N€urnberg et al., 2003). Artificial-mixing-induced destratification
may also lead to reduction of DO in the hypolimnion owing to the lower DO saturation and the higher
induced oxygen demand associated with warmer bottom water (Gerling et al., 2014). Among the recently
studied oxygenation and mixing devices are side-stream supersaturation (SSS) hypolimnetic oxygenation
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systems (Gerling et al., 2014), large-scale destratification aeration systems (Harris et al., 2015), and epilim-
netic bubble-plume mixing (EM) systems (Chen et al., 2017).

When investigating the effects of artificial mixing in lakes and reservoirs, most studies adopted either one-
dimensional (1-D) or two-dimensional (2-D) approaches to collect and analyze data from field experiments
or numerical simulations (Becker et al., 2006; Heo & Kim, 2004; Imteaz et al., 2009; Singleton et al., 2013; Tof-
folon & Serafini, 2013). The vertical profiles of temperature and environmental constituents (e.g., DO) over
water columns are usually the major focus, with horizontal homogeneity within individual water layers typi-
cally assumed (e.g., Heo & Kim, 2004; Imteaz et al., 2009). Thus, when it comes to hydrodynamic modeling
of mixing in water bodies, 1-D or 2-D numerical models are commonly employed, including DYRESM (Imbe-
rger et al., 1978), GLM (Hipsey et al., 2013), and CE-QUAL-W2 (Cole & Wells, 2006; Singleton et al., 2013). Nev-
ertheless, three-dimensional (3-D) hydrodynamic models may be more appropriate for investigating the
mixing effects, because 3-D models can account for continuous horizontal and vertical variations of thermal
structure and transport of constituents across the entire water body. Since oxygenation and mixing devices
are usually deployed in discrete locations in reservoirs, adopting a 3-D approach for field experiments may
elucidate heterogeneous mixing effects and fully account for potential interactions between the shallow
and deep regions in the reservoir, especially for modeling unevenly distributed constituents in the water
body.

Using in situ experiments and 3-D numerical simulations, the present study investigates thermal structure
and constituent transport (of DO and turbidity) in a shallow drinking-water reservoir, in which both SSS and
EM systems were deployed and operated. We were specifically interested in using the results from both
field experiments and numerical simulation to analyze the effects of the SSS and EM operation in the reser-
voir. The mixing-induced interaction between the shallow and deep regions of the reservoir has the poten-
tial to substantially influence DO dynamics and pollutant transport, which may consequently affect water
quality.

The present research analyzes, for the first time, the 3-D effects of heterogeneous mixing induced by con-
current operation of the two water-quality management devices, which were installed in the deep (lacus-
trine) region of the reservoir. Building on our earlier work (Chen et al., 2017), which focused on the effects
of mixing and oxygenation in the deep region only, this study aims to identify the dominant 3-D character-
istics of thermal structure and constituent transport across the reservoir during mixing using field and
numerical data. Moreover, the present study highlights the importance of investigating the 3-D artificial
mixing effects in both field experiments and numerical simulations.

2. Methodology

2.1. Experiment
The study site is Falling Creek Reservoir (FCR) in Vinton, Virginia, USA (37�1801200N; 79�5001400W), which is
managed by the Western Virginia Water Authority (WVWA) for domestic water supply. The reservoir has a
maximum water depth of 9.3 m with an average depth of 4 m and a volume of 3:13105 m3 at full pond.
The reservoir is equipped with SSS and EM systems to control water quality during the stratified period. The
SSS system is designed to increase DO in the hypolimnion and suppress the release of soluble iron, manga-
nese, and phosphorus from the sediments, without destratifying the reservoir (Gerling et al., 2014). The EM
system is designed to simultaneously mix and deepen the mixed layer, thereby disrupting the growth of
some phytoplankton taxa (e.g., cyanobacteria) by decreasing their access to light and nutrients (e.g., Visser
et al., 2016). The layout of the two systems is shown in Figure 1a.

The distribution header of the SSS system was deployed at �1 m above the sediments in the hypolimnion
while the diffuser of the EM system was located �5 m below the water surface near the lower boundary of
the metalimnion. Detailed descriptions of the SSS and EM systems are provided in previous studies (Chen
et al., 2017; Gerling et al., 2014).

Field data were collected to illustrate the spatial and temporal variations of scalar properties across the
whole reservoir. As shown in Figure 1a, we monitored both the longitudinal section and lateral transects in
the reservoir. The longitudinal section extended from the upstream shallow region (FCR10) to the deep
region (FCR50). Full water column profiles along the thalweg of FCR were collected, consisting of FCR10,
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FCR20, FCR30, FCR45, and FCR50 as shown in Figure 1a, where FCR50 was the deepest point of the entire
reservoir. We monitored four transects laterally across the reservoir with ropes fixed across the water surface
(Transect #1 through Transect #4 in Figure 1a). Each of the transects had nine evenly spaced monitoring
points, resulting in 36 monitoring sites in total.

Experiments were carried out during the summer in 2016 from Day 146 to Day 208 (26 May 2016 to 27 July
2016) with three periods when the EM system was operated at varying flow rates and with successively
increasing duration (see Tables 1 and 2). The three EM experiments, which were carried out intermittently
in collaboration with the WVWA to reduce the potential of premature destratification of the drinking-water
reservoir, are referred to as EM1, EM2, and EM3, respectively. The schedule of the EM experiments (Tables 1
and 2) was developed in consideration of the constraints of the drinking-water supply requirement and
model-estimated outcomes (Chen et al., 2017) to preserve thermal stratification with a wide range of EM
flow rates tested (198–425 liters per minute [LPM]), which enabled us to examine realistic management con-
ditions in an operational drinking-water reservoir. The SSS system was operated continuously over the

Table 1
Experimental Schedules

DoY 2016 146–149 150 151–177 178–179 180–205 206–208 209

SSS Water @ 197 LPM (O2 @ 11.3 and then 7.1 LPM) 215 LPM (14.2 LPM)
EM ON ON ON ON

EM1a EM2b EM3c

aEM1: Turned on at 708 liters per minute (LPM) equivalent to 25 standard cubic feet per minute (scfm) for 6 h. SSS
oxygen delivery rate maintained at 11.3 LPM (0.4 scfm). bEM2: Turned on at 425 LPM (15 scfm) for the first 7 h and at
283 LPM (10 scfm) for the remaining 17 h. SSS oxygen delivery rate reduced from 11.3 LPM (0.4 scfm) to 7.1 LPM (0.25
scfm) from Day 161 to Day 206. cEM3: See Table 2.

Table 2
EM3 Detailed Experimental Schedule

DoY 2016 206 207 208

SSS Water @ 197 LPM (O2 @ 7.1 LPM and then 11.3 LPM) 215 LPM (14.2 LPM)
EM ON ON

198 LPM for 5 h 708 LPM for 2 h 354 LPM for 25 h
708 LPM for 6.5 h

Figure 1. (a) Schematic diagram showing locations of EM diffuser, SSS distribution header, and the monitoring sites;
(b) 3-D FCR bathymetry in Si3D.
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entire summer, with different water flow rates and oxygen delivery rates. The adjustment of the SSS opera-
tional conditions (e.g., the oxygen delivery rate) during the experimental period was based on the DO satu-
ration level in the hypolimnion, with the goal to maintain the required DO concentration.

Temperature, DO, and turbidity data were collected from the field experiment on an approximately bihourly
basis in the beginning of each EM experimental period (EM1–EM3) and on a weekly basis outside the mix-
ing experimental periods. An SBE 19plus high-resolution (4 Hz sampling rate) Conductivity, Temperature,
and Depth (CTD) profiler with a SBE 43 DO probe (Seabird Electronics, Bellevue, WA, USA) was used for
monitoring different sites of the reservoir, with data validation and alignment using a ProODO meter (YSI
Inc., Yellow Springs, OH, USA). The data resolution measured by the CTD was at �0.1 m increments along
each water column from the water surface to the bottom. The field data were processed following the pro-
cedures described in (Gerling et al., 2014). Meteorological data were obtained from an in situ weather sta-
tion deployed on the dam of FCR (Campbell Scientific Inc., UT, USA). The sampling frequency of the station
was one record per minute. The quality of the data collected by the weather station was checked against
meteorological data measured at Roanoke Airport (11.8 km away from FCR), which was downloaded from
the National Climatic Data Center of the National Oceanic and Atmospheric Administration (www.ncdc.
noaa.gov).

2.2. Simulation
2.2.1. Hydrodynamic Model and the Coupled Models
The Si3D hydrodynamic model, a semi-implicit 3-D computational fluid dynamics code, was adopted in this
study. The code employs a finite-difference method for numerical solution of the Navier-Stokes equations
(Rueda & Schladow, 2003; Rueda et al., 2007). The governing equations include continuity equation,
momentum equations, and scalar transport equations, which can be found in (Smith, 2006). In the hydrody-
namic model, the numerical grid was generated based on the FCR bathymetry, which is shown in Figure 1b.
The locations of the SSS and EM systems in the model were the same as their corresponding locations in
the field. The interactions of the flows induced by the two mixing devices with the bulk water were resolved
by coupled water-jet and bubble-plume models, respectively, which quantify the local momentum induced
by the oxygenation and mixing processes.

The coupled water-jet model calculates the small-scale jet flow within the much larger grid cells in the
hydrodynamic model. Details about the coupled water-jet model and its validation were described in (Chen
et al., 2017). A linear bubble-plume model was employed to simulate the flow induced by the EM system,
which releases air bubbles from a linear diffuser within the metalimnion. The bubble-plume model esti-
mates the depth of the maximum plume rise (DMPR) dynamically under the condition that the momentum
of the plume at the DMPR is zero. The application and validation of the linear bubble-plume model were
described by Singleton et al. (2007, 2010).
2.2.2. Model Initialization in Si3D
Model initialization is carried out in terms of temperature fields and other scalar fields (tracers). The
temperature profile at FCR50, which is at the deepest end of the reservoir, is used to initialize
the temperature scalar across the entire computational domain. The numerical model is then allowed
to spin up for up to a week under the influence of the observed field weather conditions before each
EM experiment.

The tracer initialization is carried out with customized modules in Si3D, which are based on the turbidity
profiles at multiple locations obtained from the field measurements. The purpose of adding tracers in the
model is to facilitate an intuitive comparison with the constituent data (i.e., turbidity) measured in the field
and to visualize the 3-D effects of artificial mixing in the model. The tracer initialization calculates the initial
profiles for the 3-D domain in Si3D according to the distributed data obtained from in situ measurements,
which adopts the nearest-neighbor interpolation method that is common in scattered data approximation
to fill in data gaps (Parker et al., 1983). Subsequently, the module in Si3D assigns the initial 3-D profiles
across the entire computational domain immediately after the model has been allowed to spin up and
before a numerical experiment commences.
2.2.3. Coupled Model Validation
The Si3D hydrodynamic model, coupled with the water-jet and bubble-plume models is validated with the
field data. The comparison focuses on the physical processes (i.e., variation of thermal structure) associated
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with the operation of both the SSS and EM systems. Details of the comparison and validation can be found
in supporting information section S2.

Overall, the results show that the numerical model is able to make good prediction of the vertical thermal
structure when the two systems are in concurrent operation. The difference between the field and numeri-
cal data in the mean temperature for the entire water column during EM1 was only �1:8% of the mean
field temperature during the simulated period, with a root-mean-square-error (RMSE, refer to the calculation
in supporting information section S1) of the temperature variation between the field and simulation data of
�0:9 �C.

2.3. Comparative Indicators
Various lake-specific indices, which are calculated according to the procedures reported in the literature,
are adopted in the subsequent discussion. These parameters include mixed layer depth (the lower metalim-
netic boundary), Schmidt stability, and weighted average values for environmental constituents (i.e., turbid-
ity level) throughout the water body. Details of the calculation procedures are provided in supporting
information section S1 (Idso, 1973; Imberger, 1985; Fee et al., 1996; Read et al., 2011).

3. Results and Discussion

The present investigation aims to identify changes in the thermal structure, DO, and potential transport
mechanisms under various operational conditions at a whole-reservoir scale. The 3-D spatial profiles of tem-
perature and DO across both the longitudinal section and lateral transects (i.e., Transects #1–#4) are exam-
ined as a function of the EM flow rate. The longitudinal section provides an overview of 3-D mixing across
the reservoir from the shallow (FCR10) to the deep (FCR50) region, whereas the transects elucidate lateral
effects of the mixing near the diffuser. The development of the thermal structure at the individual water col-
umns (FCR10-FCR50) over time is also discussed. Finally, the constituent transport across the reservoir is
investigated.

3.1. Spatial Effects of Mixing
The results obtained during EM1 reveal that the extent to which the thermal structure across the reservoir
varies under the influence of artificial mixing is dependent on the distance from the mixing system (Figure
2). Results from EM2 and EM3 show a similar trend and are not presented here. The impact of the different
flow rates from EM1-EM3 will be discussed in the following subsection. Figures 2a and 2b of the longitudi-
nal section show that the water temperature tended to be homogenized by epilimnetic mixing in the met-
alimnion above the EM diffuser, which was consistently predicted by the numerical model (refer to
supporting information Figure S2 for the numerical contours). The thermal structure in the field responded
quickly to the epilimnetic mixing. The lower metalimnetic boundary across the deep region was noticeably
deepened by the epilimnetic mixing as shown in Figures 2a and 2b (red dashed lines), with a maximum
depth variation of over 0.5 m within the first 2 h of mixing. The mixing energy propagated rapidly toward
the shallow region of the reservoir although the EM diffuser was deployed in the deep region. In compari-
son with the profiles before the epilimnetic mixing, variation of the thermal structure in the mixed layer is
successively smaller from the deep to shallow regions, suggesting a reduced impact of mixing on the ther-
mal structure beyond the location of the EM diffuser. Although the SSS system was in operation during the
investigated period, no obvious effect of the SSS operation on the thermal structure in the hypolimnion
was observed in the longitudinal thermal structure.

The temperature profiles across Transect #1 (Figures 2c and 2d), located across the EM diffuser reveal the
instantaneous thermal structure variation that occurred within 2 h after epilimnetic mixing began, in
the absence of any substantial weather event (e.g., storms). The results in the thermal contours show that
the thermal structure above the EM diffuser in the metalimnion was altered by the epilimnetic mixing,
with the greatest effects on the thermal structure immediately above the EM diffuser. The contours reveal
that the mixing processes involved the cold water near the EM diffuser being carried up toward the surface
of the water body by the plume. At the DMPR, the cold water that previously entrained into the plume was
detrained to adjacent water horizontally. The field data suggest that the detrainment of the plume-mixed
water at the DMPR reduced the temperature gradient in the neighboring water columns compared to the
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center of the plume. A corresponding pattern of compacted isotherms in the metalimnion above the EM
diffuser can be identified in the isotherms shown in Figures 2c and 2d.

The DO profiles from Transect #1 also reveal the aforementioned impact of epilimnetic mixing on water
(Figure 3). The contours in Figures 3a and 3b show enhanced exchange of DO near the interface of the

Figure 2. Field thermal structure in FCR measured before and during EM1. Longitudinal section: (a) before EM1 on Day
150; (b) during EM1 with 2 h operation. Please note that #1–#4 in Figure 2a indicate the relative locations of Transects
#1–#4 along the section. White solid and dashed lines indicate the relative locations of the EM and SSS diffusers, respec-
tively. Red dashed line indicates the depth of the lower metalimnetic boundary based on the field data. Transect #1: (c)
before EM1 and (d) during EM1 with 2 h operation. Transect #2: (e) before EM1 and (f) during EM1 with 2 h operation. The
red dot in Figures 2c and 2d indicates the location of the EM diffuser through the transect.
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hypolimnion and mixed layer between 26 and 25 m, which tends to homogenize the DO across the region
of Transect #1. While the DO above the EM diffuser was effectively increased, the average DO concentration
well below the diffuser in the hypolimnion (<26 m) was hardly affected, as indicated in Figure 3b. There-
fore, the epilimnetic mixing has a large impact on DO distribution above the EM diffuser, but has limited
impact on the hypolimnetic water.

The thermal structures before and during the EM1 experiment at Transect #2, immediately upstream of the
diffuser, further demonstrate that the effects of the epilimnetic mixing became weaker in the shallow water
compared to the deep water (i.e., Transect #1), as suggested by the isotherms (Figures 2e and 2f) with
weaker water temperature response. Compared with the temperature profiles before the epilimnetic mixing
took place, the water temperature near the bottom of Transect #2 increased by about 18C during the epilim-
netic mixing even though the surface water temperature did not change significantly with a mean surface
temperature increase of less than 0.18C. The increased temperature near the bottom was due to the effect
of the epilimnetic mixing (see the following subsection). Compared to Transect #1, the overall impact of the
epilimnetic mixing on the thermal structure at Transect #2 was much lower. Since Transect #3 and Transect
#4 were further away from the diffuser at shallower depths, the response of thermal structure to epilimnetic
mixing was minimal, as indicated by Figure 2b. Apart from the epilimnetic mixing, the observed effects of
mixing induced by the SSS system were not distinct because all the transects were beyond the SSS distribu-
tion header.

3.2. Flow Rate Effects on Mixing
The 3-D thermal structure under the influence of epilimnetic mixing varied for the three different flow rates
from EM1–EM3. The two transects (#1 and #2) near the EM diffuser are in focus here.

At Transect #1, shown in Figures 4a–4c, the plume boundaries (defined by the plume width and DMPR) dur-
ing epilimnetic mixing in each case with the different flow rates are depicted by the blue curved lines. Both
the plume width and DMPR were calculated in the bubble-plume model and obtained as output parame-
ters from Si3D. Figures 4a–4c shows that the plume boundary estimated by the model is closely associated
with the patterns of compacted isotherms induced by the epilimnetic mixing, as expected. The observation
from the three sets of contours in Figures 4a–4c confirms that the maximum depth of the water column
affected by the epilimnetic mixing decreased, with the flow rate of the EM system reduced in each experi-
ment while thermal stability steadily increased in summer. The pattern of compacted temperature iso-
therms in the metalimnion generally agrees with the plume boundary predicted by the model. Based on
the pattern shown in the temperature contours from the field measurements, the DMPRs for the three dif-
ferent EM flow rates were estimated by finding the water depth below the epilimnion (<21 m), where the
difference between the in-plume temperature (at 0 m from the diffuser) and the average temperature of
the two horizontally neighboring measurement points (at 64 m from the diffuser) is the greatest. The esti-
mated field DMPRs at the beginning of mixing were at �22.1 m for 708 LPM or 25 standard cubic feet per
minute (scfm), �23.2 m for 425 LPM (15 scfm), and �23.9 m for 198 LPM (7 scfm), respectively. The field

Figure 3. Field DO profiles at Transect #1 (a) before and (b) during the EM system in operation for 2 h in EM3. The red dot
indicates the location of the EM diffuser through the transect.
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Figure 4. Field thermal structures and DMPRs from the transects of FCR. Transect #1 during: (a) EM1, (b) EM2, and (c) EM3
with 2 h operation; pair of blue curved lines in each contour represents the model-estimated structure of the plume
during the operation of the EM system. (d) Field DMPR estimated from the temperature profiles versus numerical DMPR
obtained from the bubble-plume model in Si3D. Transect #2: (e) before EM2 and (f) during EM2 with 2 h operation; (g)
before EM3 and (h) during EM3 with 2 h operation.
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results are consistent with the predicted DMPRs as shown in Figure 3d, which has an adjusted R-squared of
0.99 and RMSE of 0.013 m. The results demonstrate that the region with heterogeneous thermal structure
above the EM diffuser during epilimnetic mixing is closely associated with the characteristics of the plume
structure. Since the plume structure depends on the EM flow rate, the EM flow rate is an important factor to
control the extent of mixing at Transect #1.

Consistent with what was mentioned in section 3.1, the water temperature near the bottom of Transect #2
increased during epilimnetic mixing, which can be seen in all three EM experiments (Figures 2e, 2f, and 4e–
4h). The results confirm that the temperature increase near the bottom of Transect #2 was caused by the
epilimnetic mixing and was associated with the mixing intensity, i.e., the EM flow rate. The impact of the
mixing in the deep region may propagate toward the shallow region (i.e., Transect #2), which tends to mix
the water near the bottom of the shallow region. In addition, it is evident at Transect #2 beyond the EM dif-
fuser that the extent of mixing also depends on the EM flow rate, and it reduces with the decreasing EM
flow rate.

3.3. Time Series of Mixing
Figure 5 shows that the epilimnetic mixing consistently deepened the lower metalimnetic boundary in
most of the regions in the reservoir during all three EM experiments, resulting in a reduced Schmidt stability
at a rate of 217 J= d �m2ð Þ during EM1. The impacts of the epilimnetic mixing on the temperature gradient
in the metalimnion were successively decreased while moving from the deep region (FCR50 and FCR45) to
the shallow region (FCR20). Although the mixing intensity of EM2 was smaller than EM1, the lower metalim-
netic boundary was deepened more substantially in EM2 than in EM1 at the beginning of the epilimnetic
mixing. This was due to the combined effects of the mixing induced by the EM system and an unexpected
storm which occurred during the early stage of EM2 (refer to supporting information Figure S1).

Figure 5. Time series of field water temperature profiles for (a) FCR20, (b) FCR30, and (c) FCR45; (d) FCR50 with Schmidt
stability shown as the black line. All contours are plotted on the same depth, time, and temperature scales.
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The continuous operation of the SSS system in the hypolimnion throughout the field experiments did not
destratify the water body, as shown in Figure 5d. The hypolimnetic temperature at FCR50 was vertically uni-
form and increased slightly during the summer, which is consistent with the previous study (Gerling et al.,
2014). The hypolimnetic temperature at FCR45 (Figure 5c) increased at a slower rate than that at FCR50, as
suggested by the vertical isotherms in the hypolimnion, indicating that the influence of the mixing induced
by the SSS system was weak and limited to the region close to the distribution header in the hypolimnion.
The sites beyond the SSS distribution header (FCR10–20) were not affected by the SSS system because the
hypolimnion did not extend to these upstream shallow sites. Compared to the epilimnetic mixing that con-
sistently reduced the thermal stability (see Figure 5d), the SSS system in continuous operation over the
study period had minimal effects on the thermal structure along the water column, as indicated by the
Schmidt stability that generally increased outside the epilimnetic mixing periods at a rate of about
0:87 J= d �m2ð Þ. Comparisons of the field data with the numerical results are shown in supporting informa-
tion section S2.

Since the SSS system was designed for oxygenating the hypolimnetic water, it is not surprising to see that
the system maintained DO concentration in the hypolimnion, as shown in Figures 6c and 6d. The DO con-
centration decreased after Day 160 when the oxygen delivery rate was reduced by approximately one half
due to the high DO saturation level in the hypolimnion (refer to Figures 6c and 6d). Even with the reduction
of the oxygen delivery rate, the DO level in the hypolimnion remained high (over 8 mg=L). However, a met-
alimnetic minimum DO (MMDO) (Kreling et al., 2017; Morris et al., 1982; Shapiro, 1960) developed in the
lower metalimnion during the operation of the SSS system, as seen in Figures 6c and 6d. This was caused
by the weak vertical mixing induced by the SSS system with its jet nozzles pointing almost horizontally,
which has limited capacity to transport DO vertically toward the metalimnion (Gerling et al., 2014). Although
the SSS system eliminated hypoxia in the hypolimnion, sediment oxygen uptake continuously consumed
the DO in the bottom water of the shallow region and laterally across the layer at around 25 m depth

Figure 6. Time series of field DO profiles for (a) FCR20, (b) FCR30, (c) FCR45, and (d) FCR50. All contours are plotted on the
same depth, time, and DO concentration scales.
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during the summer. As a consequence, later in the summer, a more severe MMDO was formed in the deep
region with the lowest DO concentration at zero because of DO depletion by the process mentioned above.

Conversely, the epilimnetic mixing by the EM system tends to disrupt the development of the MMDO. In
Figure 6, distinct mixing outcomes can be observed where the magnitude of the MMDO was temporarily
alleviated during each operation of the EM system. Based on the observation in Figure 6, the three periods
of epilimnetic mixing did not substantially increase the overall DO concentration. However, it shows that
the epilimnetic mixing enhanced oxygen transfer near the lower boundary of the metalimnion, the result of
which can be seen in Figure 3. Consistent with the observation in the thermal contours in Figure 5, the influ-
ence of mixing on the DO level is reducing toward the shallow region. It is believed that the combined
operation of the two systems in an appropriate manner could be used to improve the DO level in the lacus-
trine region where the diffusers are deployed without causing premature destratification.

To further analyze the 3-D influence of epilimnetic mixing, the depth of the lower metalimnetic boundary
(refer to supporting information section S1) was estimated (Figure 7). The figure reveals that the thermal
structures from FCR30–FCR50 were strongly affected by the operation of the EM system. It is not surprising
to see that FCR45 and FCR50 experienced the same level of mixing, with the deepening rates of the lower
metalimnetic boundary at 20.12 m/h during EM1, 20.06 m/h during EM2, and 20.02 m/h during EM3 (the
negative values indicate that the boundary moves toward the water bottom), as shown in Figures 7b and
7c. The effect of the epilimnetic mixing was more distinct in the deep region where the diffuser is deployed
(i.e., FCR45). For comparison, the deepening rate of the lower metalimnetic boundary at FCR30, which is
about �120 m away from the diffuser, was approximately 55% lower on average for the three experiments.
The response of the lower metalimnetic boundary was rapid and substantial during the epilimnetic mixing,
which can be seen in the enlarged plot during EM1 shown in Figure 7c. A similar trend was also reported in
(Chen et al., 2017). However, due to the storm mentioned above (Figure 5), the lower metalimnetic

Figure 7. Time series of the depth of the lower metalimnetic boundary based on the field thermal structure for (a) FCR30,
(b) FCR45, and (c) FCR50, respectively. The inset of enlarged plot shows the EM1 period at FCR50. Note the difference in y
axes between Figure 7a and Figures 7b and 7c.
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boundary in the deep region (FCR45 and FCR50) during EM2 was deepened by �2 m, even though the mix-
ing flow rate and the operation duration were lower and shorter than the other EM experiments (Tables 1
and 2). The sharp deepening of the boundary may be due to a strong seiche caused by the storm.

Overall, the results show that, while the SSS system works according to its design goals with no distinct 3-D
effects on the thermal structure and with DO added to the hypolimnion only, the EM system at the tested
flow rates has substantial 3-D impacts across the horizontal extent of the reservoir, altering the thermal
structure and redistributing the DO. The epilimnetic mixing induced by the EM system will therefore be the
focus in the subsequent analysis of constituent transport.

3.4. Constituent Transport
In the subsequent analysis, field data and numerical results are first compared and discussed to reveal the
transport mechanism for constituents in the water body under the influence of epilimnetic mixing. A
numerical case study is then carried out to determine constituent transport with longer-term epilimnetic
mixing imposed under different mixing intensities. The numerical case study focuses on factors that control
constituent transport across the water body.
3.4.1. Experimental Data Analysis
Constituent transport processes may reflect the movement of pollutants as a result of the flows induced by
the EM system. A common indicator for this purpose is turbidity, which is a measure of the quantity of par-
ticles suspended in water that scatter light and reduce transparency (Lewis, 1996; Holliday et al., 2003). It is
found that the total constituent concentration in water was conserved during the relatively short epilimnetic
mixing periods, as suggested by the estimated total turbidity levels during the three EM experiments (refer to
supporting information section S3, Taylor, 1997, and Figure S7). Therefore, the field turbidity data are used in
the subsequent analysis to visualize the constituent transport induced by epilimentic mixing and then com-
pared to the results obtained from numerical tracers using the validated Si3D coupled hydrodynamic model.

The field turbidity contours reveal that the flow induced by the EM system carried the high-turbidity water
from the shallow region to the deep region in the metalimnion (Figure 8). In Figure 8c, the turbidity in the
water layer between the depth of the EM diffuser line (25 m) and the DMPR (22 m) was dispersed by the
flow induced by the epilimnetic mixing. The high-turbidity water in turn traveled along the sloping bottom
from the shallow region toward the deep region near the depth of the EM diffuser during the epilimnetic
mixing.

In the simulation, passive tracers were added in the Si3D model to verify the field observation of turbidity
movement. The tracer was initialized three dimensionally as described in section 2.2, based on the distribu-
tion of the field turbidity data before EM1. The numerical tracer distribution before the epilimnetic mixing
resembled the field turbidity distribution before mixing (Figure 8a). Due to the complexity of the turbidity
distribution in the field and the relatively limited measurement data available across the reservoir, the
numerical contours of turbidity before the epilimnetic mixing varied somewhat from the field turbidity con-
tours. Nevertheless, the field and numerical contours show consistent overall distribution of turbidity in the
reservoir, with a majority of the high-turbidity levels located in the littoral region (Figures 8a and 8b). During
the EM mixing period, consistent transport of turbidity can be observed in both the field and numerical
data, suggesting a counter-clockwise circulation between FCR20 and FCR45 that was induced by the opera-
tion of the EM system in the metalimnion (Figures 8b and 8d). It is thus concluded that the induced circula-
tion by the EM mixing enhances constituent exchange in the metalimnion between the shallow and deep
regions, as suggested in Figures 8a–8d.

The predicted vertical distribution of tracer at FCR30 is compared to the turbidity results from EM1 at the
selected time instants in Figure 8e. If FCR30 is considered as an approximate boundary that separates FCR
into shallow and deep regions, the variation of the vertical profiles in FCR30 may indicate how the constitu-
ents are exchanged between the two regions under the effect of the epilimnetic mixing. A similar trend
before and during the epilimnetic mixing can be obtained from the vertical distribution of both the field
turbidity and numerical tracer data, as shown in Figure 8e. The result confirms the observation in the field
and the numerical contours in Figures 8a–8d, which shows that constituents were transported by a
counter-clockwise circulation induced by the epilimnetic mixing through the lower metalimnion from the
shallow region to the deep region.
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Therefore, the present investigation identifies the enhancement of constituent transport across the reser-
voir under the effect of epilimnetic mixing, which facilitates the transport of constituents horizontally from
the littoral region (often brought in by runoff) into the deep region of the reservoir. The results also show
that the coupled Si3D model made a reasonably good prediction of the constituent transport induced by
the epilimnetic mixing.
3.4.2. Numerical Case Study
Based on the aforementioned comparisons between the field data and the model-predicted results, the
coupled Si3D hydrodynamic model is considered appropriate for estimating three-dimensional tracer
movement when mixing is imposed on the water body. Since the mixing induced by the SSS system did
not have a substantial effect on the flow and thermal structure over the majority of the water body, the pre-
sent numerical case study employs Si3D to visualize the tracer dispersing processes with only the EM sys-
tem in operation for an extended period.

In this investigation, tracers are added to the computational domain with the flows induced by the bubble
plume over the entire period of artificial mixing. The flow rate of the tracers is adjusted depending on the
flow rate from the EM diffuser in the model to visualize the region under the influence of epilimnetic mixing
in the computational domain. The variation of the tracer concentration in each grid cell is handled by the
hydrodynamic model as a passive scalar after injection. The total period of the numerical simulation is 4
days, with the EM system in continuous operation from Day 2 to Day 4 in simulation. The meteorological
input uses a set of repeated data from a calm day (Day 160) in the mid-summer to avoid mixing induced by

Figure 8. The longitudinal section in FCR: (a, c) Field turbidity before and during (2 h) epilimnetic mixing (in NTU), and (b, d) numerical tracer before and during
epilimnetic mixing; white solid and dashed lines indicate the relative locations of the EM and SSS diffusers, respectively. (e) Field turbidity versus numerical tracer
at FCR30 before and during (2 h) EM1 in normalized values with regard to the maximum values of the time instant.
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storms. Two EM flow rates are tested with a low flow rate at 425 LPM (15 scfm) and a high flow rate at 708
LPM (25 scfm).

The time series of the tracer distribution in terms of the longitudinal profiles is shown in Figure 9 for both
cases with the different flow rates. The instantaneous distribution of the tracer after the EM operation
begins (Figures 9a and 9b) suggests that, with the higher flow rate, the longitudinal extent of the region
affected by the EM operation is greater than that with the lower flow rate. This is mainly due to the variation
of the DMPRs at the different flow rates. After 1 day operation of the EM, most of the area in the deep
region of FCR is affected by the epilimnetic mixing at both flow rates (Figures 9c and 9d). However, the sur-
face layer in the shallow region (i.e., FCR10 and FCR20) is hardly affected in the case with the lower flow
rate, where the impact by the epilimnetic mixing is 64% lower in terms of the average tracer concentration
between FCR10 and FCR20. This is due to the relatively lower DMPR and less energy dissipation associated
with the epilimnetic mixing at the lower flow rate. Subsequently, after 2 days of continuous epilimnetic mix-
ing (Figures 9e and 9f), tracers have reached most of the water body across the longitudinal section. Inter-
estingly, the distribution of tracer concentration is almost the same for both flow rates. The results suggest
the importance of the duration of EM operation, and reduced importance of the EM flow rate. Specifically, if
the interest is in long-term epilimnetic mixing, the effect of the flow rate on constituent transport along the
longitudinal section is not as important as the duration of operation to consider.

The tracer distribution along Transect #1 in Figure 10 suggests a similar trend of tracer development as
shown in Figure 9. In Figures 10a–10f, the epilimnetic mixing at both flow rates rapidly affects the region
close to the depth of the EM diffuser at Transect #1, and the effect is stronger with the higher flow rate. Fur-
thermore, Figures 10a–10f shows that the EM operation has very limited influence on the hypolimnetic
water well below the EM diffuser (<26 m) in terms of constituent transport, even after 2 days of operation.
This is consistent with the field DO data shown in Figure 3b, where the DO level in the hypolimnion was
mostly unaffected by the epilimnetic mixing. In the shallow region that is far beyond the EM diffuser (Tran-
sect #3 shown in Figures 10g and 10h), the delay in response to the mixing can be observed after 2 h opera-
tion in both cases. The results show that the tracer reached the bottom of the shallow region more quickly
with the higher flow rate because of the stronger energy dissipation induced by the artificial mixing.

The present numerical case study of tracer transport confirms that the artificial mixing processes occurred
three dimensionally in the water body, with a delay in response to the mixing in the shallow region beyond

Figure 9. Instantaneous response of numerical tracer concentration in FCR: (left) EM flow rate at 425 LPM (15 scfm); (right) EM flow rate at 708 LPM (25 scfm). The
tracer concentration is normalized by the maximum concentration during the experimental period.
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the diffuser. In addition, both the operational flow rate of the EM system and the duration of its operation
can affect constituent transport in the water body. While the EM flow rate is a dominant factor for constitu-
ent transport over a relatively short period of operation (�1 day), the duration of EM operation becomes
more important to the mixing outcome than the EM flow rate under continuous epilimnetic mixing over an
extended period (>2 days). The numerical study has demonstrated the necessity of using 3-D numerical
models to investigate the constituent transport induced by artificial mixing because 1-D and 2-D models
are unable to account for the heterogeneity in water bodies caused by artificial mixing.

4. Conclusions and Recommendations

The present study investigated two water-quality management devices in a relatively small and shallow
drinking-water reservoir by adopting a three-dimensional approach for both the field experiments and
numerical modeling. The outcomes from the artificial mixing are investigated at the whole-reservoir scale.
While the mixing induced by the SSS system does not have a substantial effect on the overall thermal struc-
ture, the epilimnetic mixing by the EM system causes heterogeneity in thermal structure, DO concentration,
and constituent transport in the reservoir. The epilimnetic mixing not only affects the longitudinal thermal
structure, but also enhances the transport of constituents between the shallow and deep regions. The ther-
mal structure and DO concentration across the transect immediately above the EM diffuser are substantially
affected during the EM experiments. The temperature gradient and DO distribution in the metalimnetic
water are homogenized by the mixing, with the strength of the influence depending on the EM flow rate. In
addition, the epilimnetic mixing deepens the lower metalimnetic boundary (with the deepening rate
decreased by 55% at a location 120 m upstream from the EM diffuser) and reduces the Schmidt stability
near the EM diffuser at a rate of 217 J= d �m2ð Þ at the highest flow rate. The mixing may alleviate the
MMDO that builds up during the summer by enhancing vertical constituent exchange in mixed layers.

Figure 10. Instantaneous response of numerical tracer along (a–f) Transect #1 and (g, h) Transect #3. (left) EM flow rate at 425 LPM (15 scfm); (right) EM flow rate
at 708 LPM (25 scfm). The white dot in the contours indicates the relative location of the EM diffuser line. The tracer concentration is normalized by the maximum
concentration during the experimental period.
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Due to the high cost of field experiments and the uncertainty in field experiments caused by weather, 3-D
numerical models are useful tools for analyzing artificial mixing in order to improve the design and opera-
tion of the mixing systems. Complex weather conditions in the field may have substantial influence on the
thermal structure (refer to supporting information section S2), which makes it harder to examine the out-
come of artificial mixing with field data alone. A calibrated numerical model is therefore necessary when
investigating artificial mixing. In the present study, comparison of the numerical results with the field data
suggests that the coupled Si3D hydrodynamic model provided consistent predictions of the 3-D thermal
structure and transport of constituents during artificial mixing. Furthermore, the numerical case study of
tracers using Si3D has revealed that the operational flow rate of the EM system is an important driver of
constituent transport over short-term operation (�1 day), whereas the duration of the operation becomes
dominant if the operation lasts longer than 2 days. In addition, the epilimnetic mixing has limited influence
on constituents in the hypolimnion regardless of the operational flow rate and duration.

The present 3-D experimental and numerical investigations of artificial mixing provide insights for
understanding the outcomes from the mixing devices in operation. The enhancement of constituent
exchange induced by epilimnetic mixing can be beneficial to evenly spread DO across the metalimnion
of the water body, thereby reducing the MMDO and hypoxia. It may also help to flush algal species from
the shallow regions of the water body, which usually have sufficient light (photic zone) and nutrients
(Holmes, 1957), to the deeper regions, where the availability of light and nutrients is often limited (apho-
tic zone). However, it is clear from the present investigations that improper mixing may introduce con-
stituents (i.e., nutrients or pollutants), which could be trapped in littoral regions, into the bulk water,
which may impair water quality. Reservoir managers need to consider the interaction between the deep
and shallow regions associated with mixing in lakes and reservoirs when operating artificial mixing sys-
tems. Finally, the study reveals that even in a relatively small water body such as FCR, artificial mixing is
inherently 3-D in nature, which must be taken into account when artificial mixing in reservoirs is
investigated.
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