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ARTICLE INFO ABSTRACT

Keywords: The Singok weir, an instream structure in the Han River estuary constructed in the 1980s for multiple purposes,
Harmful algal blooms has interfered with natural river flow. Removal of this structure has been considered to restore water quality,
Cyanobacteria

including reducing algal blooms. Spatiotemporal changes in water quality, hydrodynamics, hydrology, and algal
The Singok weir growth resulting from the removal of the Singok weir were analyzed using 3-D hydrodynamic, water quality, and
Flow reeulating structure sediment transport modules in the Environmental Fluid Dynamics Code model for a five-year period (2013 ~
8 g

EFDC 2017) with field data. Weir removal decreased water depth and thus water volume by >10%, which increased
average nutrient concentrations given fixed pollutant inputs. With the weir removal, average cyanobacteria
decreased in the upper region during summer but increased in the lower region. However, differences in cya-
nobacteria biomass were less than 1.0 mg Chl-a/m® except during 2015, the driest summer, where peak cya-
nobacteria increased by 20% (11.8 mg/m?>). Factors limiting summer algal growth tended to increase modestly
during normal flow (<3.1%), which suggests the weir removal can potentially enhance algal growth. The role of
hydrology stood out as the major factor determining algal growth, with greater relative importance than nu-
trients, light, and temperature. Simulations showed minimum discharge of 150 m®/s from the Paldang dam was
required to avoid excessive cyanobacteria growth downstream. Hydraulic residence time during summer
determined the growth potential of algae; low discharge provided sufficient residence time for algae to prolif-
erate, and conversely. This result also emphasizes the importance of seasonal and hydrodynamic assessments
when analyzing cyanobacteria in response to external changes, which can be masked in annual average values by
numerous factors.

The Han river

1. Introduction systems in relation to temperature, light, water column stability, and

nutrients (Huisman et al., 2018). Available data suggest that algal

Harmful algal blooms (HABs), dominated by cyanobacteria, occur in
response to high nutrient concentrations and are considered a common
surface water quality problem throughout the world (Paerl and Huis-
man, 2008; Pick, 2016). Phytoplankton, as the primary producer, is an
essential component of the food web, but excessive growth can alter the
ecosystem structure and function (Huisman et al., 2018). Furthermore,
toxic substances produced by cyanobacteria can harm aquatic ecosys-
tems and negatively affect the health of both animals and humans
(Anderson and Garrison, 1997; Codd et al., 1999; Paerl and Fulton,
2006; Paerl and Paul, 2012; Graham et al., 2020), while complicating
and increasing the cost of water treatment (Codd et al., 2005; Srinivasan
and Sorial, 2011).

Cyanobacteria occurrence has been studied most often in lentic
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community composition responds similarly to nutrient loading, whether
in lakes, reservoirs, or rivers (Smith, 2003). In large rivers with adequate
nutrients, factors such as flow rate and turbidity determine algal growth
(Reynolds and Descy 1996), but river studies are challenging due to
complex and variable hydrological conditions (Xia et al., 2020). In a
global study, Van Niewenhuyse and Jones (1996) found mean summer
chlorophyll-a (Chl-a) in temperate streams bore a curvilinear relation-
ship with total phosphorus (TP), with a secondary influence of catch-
ment size (a surrogate for flow rate and residence time). Graham et al.
(2020) reported that nuisance algal blooms occur mainly in eutrophic
rivers in North America and that algal toxins in rivers, specifically
regulated rivers, are understudied relative to factors that promote HABs
in lakes, estuaries, and coastal regions.
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Hydraulic structures, such as dams and weirs, are known to adversely
affect aquatic ecosystems due to the interference of water movement
and disruption of river continuity (Bednarek et al., 2001). The structures
reduce horizontal flow velocity and make vertical movement dominant,
which favors particulate materials settling to the sediments. Construc-
tion of hydraulic structures generally reduces flow rates and increases
both residence time and water volume. Seo et al. (2012) reported that
increased residence time by hydraulic structures may promote algal
blooms even in river reaches with moderate nutrients. Feld et al. (2011)
suggested the removal of hydraulic structures can, in time, result in
biological restoration, though there may be a temporary negative impact
from the disturbance. In contrast, (Cisowska and Hutchins, 2016) esti-
mated that a weir in their study modestly reduced the annual fraction of
nitrate load being retained behind the structure but was uncertain how
the river would respond to increased nitrogen following weir removal.
Cha et al. (2017) suggested that summer cyanobacterial cell counts
depended on residence time and water temperature, in rivers regulated
by weirs in Korea.

The downstream reach of the Han River traverses the Seoul metro-
politan area, where 4 of the nation’s largest wastewater treatment plants
(WWTPs) discharge effluent. In 1988, an in-stream structure, the Singok
Weir, was constructed, which blocked tidal seawater at the mouth of the
river to reduce bridge scouring and provide an agricultural water sup-
ply. Consequently, HABs have continually occurred and become severe,
especially in 2015. Many research shows that the construction of hydro-
structures deteriorates water quality, and removal of the weir in the Han
River has been considered an option to alleviate nuisance HABs and
restore the ecosystem. Kim et al. (2021) reported that the removal of
weirs in a regulated river can reduce HABs upstream due to increased
flow velocity, but may deteriorate water quality and promote HABs
further downstream. The Han River estuary has extremely complicated
flow dynamics and water quality kinetics due to a mixture of incoming
flows, which includes discharge from Paldang Dam in the headwater,
effluents from WWTPs, inflows from urban and nonurban tributaries,
and appreciable tidal effects (Kim et al., 2017). The complexity of this
system makes it difficult to analyze the effects of weir removal based on
insights from previous studies.

The aim of this study was to quantify the effects of hydraulic changes
resulting from the removal of the hydraulic structure, the Singok weir,
on water quality and HABs occurrences in the Han River estuary. A
numerical model was applied to analyze cyanobacteria dynamics in an
estuarine environment with complex hydrodynamic and sediment
transport conditions due to tidal movements and with complicated
biochemical interactions among pollutants.
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2. Materials and methods
2.1. Study area and water quality

The Han River is the largest in Korea with a length of 483 km and a
basin area of 34,428 km?. This study includes a 71 km section of the
river that passes through Seoul, from the Paldang Dam (Dam) to the
Jeonryu water level station (WL7, Fig. 1). Five wastewater treatment
plants in Seoul (WWTP1 ~ WWTP4) and in Goyang City (WWTP5)
discharge effluents into the study area. Flow and pollutant loadings from
major tributaries (Trl ~ Tr14) were considered as boundary conditions.
Data from 14 water quality monitoring stations (Q1 ~ Q14) and 7 water
level monitoring stations (WL1 ~ WL7), managed by the Korean gov-
ernment, were used for model calibration. The Jamsil weir (Weirl)
located upstream, which blocks tidal flow from the coast and protects
the drinking water source, is 6.4 m high and is located near the Jamsil
Bridge (Q6). The Singok weir (Weir2) located downstream, the major
weir in this study, is 2.6 m high and is located near the Gimpo Bridge
(Q13). The locations of important places and monitoring stations are
shown in Fig. 1.

Monthly and yearly discharge from Paldang Dam was analyzed for
five years from 2013 to 2017 (www.wamis.go.kr) (Supplemental
Figure 1; hereafter S-Fig. 1). Discharge from Paldang Dam was highest in
2013 with an annual average rate of 607 m>/s and was lowest in 2015
with 177 m®/s (about 29% of 2013) due to extreme drought.

Water quality changes in the Han River were analyzed over the study
period (www.nier.go.kr) (S-Fig. 2). Total organic carbon (TOC), total
nitrogen (TN), and TP showed sharp increases between Jamsil Weir (Q6)
and Singok Weir (Q13) where WWTPs continuously discharge waste-
water in addition to other nonpoint source load inputs from major
tributaries in the area. Noteworthy, TN and TP increased more than
twice and 10-times, respectively, below Q8 due to the influence of
wastewater inputs.

According to stream trophic state criteria for TP (Dodds et al., 1998),
the upper reaches (Q1 ~ Q6) can be classified as
oligotrophic-mesotrophic, (25 mg/m? in S-Fig. 2), while the lower rea-
ches (Q7 ~ Q14) would be considered mesotrophic-eutrophic (75
mg/m°® in S-Fig. 2). However, TN levels in the study site exceeded
mesotrophic-eutrophic criteria, often by several-fold (1.5 mg/L, Dodds
etal., 1998), and could not be applied to the Han River. Average Chl-a in
all locations was below the mesotrophic-eutrophic criteria (30 mg/m?,
Dodds et al., 1998) though individual values >50 mg/! m® were common,
particularly in the lower reach (Q7 ~ Q14 in S-Fig. 2).
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Fig. 1. Map of the lower Han River: Water quality monitoring stations (Q), Water level monitoring stations (WL), Wastewater treatment plant discharge (WWTP),

and Major tributaries (Tr).
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2.2. Model development and boundary conditions

Water quality models provide a quantitative basis for comprehensive
interpretation of complex water quality interactions and thus to develop
management alternatives (Thomann and Mueller, 1987; Chapra, 1997;
Ambrose et al., 2009). However, in order to reflect and analyze various
external and internal interactions, it is important to ensure that the
model adequately reflects these conditions. First, the physical transport
of the hydraulic structure should be calculated with consideration of a
tidal effect. Second, the interaction between water quality variables and
algae should be quantitatively linked. Third, sediment transport should
be considered to reflect key riverine processes. These characteristics are
particularly relevant in downstream regions and estuaries.

The Environmental Fluid Dynamics Code (EFDC) model (Hamrick,
1992) is used to simulate physical, chemical, and microbiological
changes in aquatic systems such as rivers, lakes, estuaries, and coastal
areas (Park et al., 2005; Li et al., 2011; Wu and Xu, 2011; Tang et al.,
2016; Kim et al., 2017, 2021; Bae and Seo, 2018, 2021). In this study, the
8.5 version model of EFDC Explorer Modeling System (www.eemode
lingsystem.com) was used. The model included various modules such
as hydrodynamics, water temperature, salinity, water quality, and
sediment transport. The water quality module is composed of in-
teractions of algae, carbon, nitrogen, phosphorus, silica, oxygen, and
fecal coliform bacteria (S-Fig. 3). Algae are further divided into cyano-
bacteria, diatoms, and green algae. Each phytoplankton group has
different growth characteristics such as carbon to Chl-a ratio, optimal
growth temperature, and maximum growth rates. Each algal group can
be modeled separately, with abundance expressed as Chl-a in mg/m°.
Changes in water quality and cyanobacteria in the lower section of the
Han River with the removal of the Singok weir were evaluated using the
calibrated model. In this study, macroalgae or rooted phytoplanktons
were not simulated.

The computational grid for the EFDC was developed using the
curvilinear orthogonal coordinate method and 2029 horizontal cells
with the orthogonality deviation of 1.24. Each cell was divided into 5
vertical layers to consider the stratification effect due to salinity from
tidal effects. EFDC uses a stretched or sigma grid system for vertical
layers and the same number of layers were used for the study area. A
three-second time step was used to satisfy the CFL (Courant-Friedrichs-
Lewy) condition (Courant et al., 1967), and the CFL number was esti-
mated at <1.0. The average size of the horizontal grid was 130 m x 270
m. Wetting and drying conditions were also considered (S-Fig. 4).

Daily flow data from fourteen tributaries as well as the headwater
from Paldang Dam, five wastewater treatment plants, and twelve water
intake systems were used as flow boundary conditions. Open boundary
conditions were established to reflect the tidal movement along the west
coast. To address water level fluctuations of around 3 m, hourly data
were applied (S-Fig. 5).

Water quality data from the tributaries were available from irregular
intervals, ranging between 1 ~ 5 times a month. All data were linearly
interpolated to make daily data for boundary conditions values and
applied in the EFDC model. Based on the cell count data measured by
Seoul City (Supplemental Table 1, hereafter S-Table 1), algae were
divided into cyanobacteria, diatoms, and green algae. The time series of
the water quality and salinity for the estuary boundary condition were
considered using data from Q14, including TSS values used in the
sediment transport model. Salinity values were not available for the
study area and were derived from water temperature and conductivity
(Fofonoff and Millard, 1983). In the sediment transport model, data
were subdivided into cohesive and non-cohesive sediment categories
according to Zhang et al. (2011), and the settling velocity of cohesive
sediment was estimated using data from Kim et al. (2015). All the
necessary field data for simulation was obtained from the Korean
governmental database management systems. The Water Information
System (water.neir.go.kr) was used for water quality data, and the Water
Resources Management Information System (wamis.go.kr) was used for
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flow rates and water level data. Data on weather and wind conditions
were obtained from the Korea Meteorological Administration (data.
kma.go.kr).

2.3. Calibration and scenario development

Calibrations of the hydrodynamics and water quality model were
performed using data from 2013 to 2017 (S-Fig. 6 and S-Table 2). Water
level calibration was based on data from six water level monitoring
stations (WL1 ~ WL6). For calibration of water temperature and water
quality, data from fourteen water quality monitoring stations (Q1 ~
Q14) were used. Water quality variables were TOC, TN, TP, Chl-a, dis-
solved oxygen (DO), ammonia nitrogen (NH3), nitrate nitrogen (NO3),
dissolved inorganic phosphorus (DIP or total phosphate), and total
suspended solids (TSS). Accuracies of calibration results were calculated
using Root Mean Square Error (RMSE) and index of agreement (IA,
Willmott, 1981) (S-Table 2). RMSE is the size of a typical error. IA is the
ratio between the mean square error and potential error (Willmott,
1984) and can be used as a substitute for the coefficient of determination
(Legates and McCabe Jr, 1999). RMSE ranges from 0 (the ideal value) to
0. IA is calculated from O to 1 (the ideal value). The parameters were
initially chosen from previous research results (Bowie et al., 1985; Cole
and Wells, 2006; Shin et al., 2008) and adjusted further to improve
calibration accuracy (S-Table 3). The calibration of this study was based
on previous EFDC applications for the same study site by Kim et al.
(2017). This analysis used improved grid resolution and field data over a
longer period with consideration of sediment transport. Total
chlorophyll-a is the summation of all simulated algal groups, and this
was used for Chl-a calibration because the data are available in the
national database system in Korea (www.nier.go.kr).

Changes in the hydraulic dynamics, water quality, and HAB occur-
rences in the lower part of the Han River due to the Singok weir were
evaluated with the model. The scenario “With” indicates when the
Singok weir exists which is the same as the current conditions. The
scenario “Without” predicts conditions if the Singok weir was removed.

3. Results and discussion
3.1. Effects of annual water quality changes due to weir removal

To analyze the effect of the weir removal, the analysis was focused on
the 30 km reach between Jamsil weir and Singok weir (hereafter Weir),
though model simulation was performed for the entire 71 km river
reach. Also, the study reach was subdivided into three regions for
detailed analysis; the upper region (Q7), middle region (Q10), and lower
region (Q12); located 24 km, 12 km, and 2 km upstream from Weir,
respectively (S-Fig. 4). Volume-weighted averages were used from 20
cells around each station to strengthen the representation of the area to
avoid a possible bias of a value from a particular cell. For the weighted
averaged values, simulated values for the “Without” scenario were
compared with the “With” scenario at the upper, middle, and lower
regions, respectively.

Weir removal would reduce water levels by approximately 14%,
which may reduce water volume, given that the river cross-section is
trapezoidal (Table 1). Weir removal will restore the influence of tidal
flow upstream. The extent of tidal influence can be assessed by periodic
water level fluctuations. After removal of the weir, water level fluctua-
tion became greater up to the upper region (Q7) due to the increased
tidal effect (S-Fig. 7).

Annual average water quality concentrations in the study area would
largely be controlled by dilution from the mixture of headwater, tribu-
tary flows, WWTP discharges, and tidal flow along with kinetic trans-
formations. As water levels declined due to the weir removal,
concentrations of water quality constituents increased with reduced
water volume and unchanged waste loading introduced to the river. TN
and TP increased 1 ~ 5% and 2 ~ 11%, respectively. NH3+NO3 (or DIN,
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Table 1
Average water level changes due to the weir removal in the study area.
Variable Year Q7 (Upper) Q10 (Middle) Q12 (Lower)
With Without % With Without % With Without %
Water Level [EL.m] 2013 3.35 3.07 91.9 3.23 2.94 91.0 3.18 2.89 90.8
2014 2.84 2.44 86.1 2.80 2.39 85.3 2.79 2.37 85.1
2015 2.75 2.27 82.8 2.73 2.25 82.4 2.72 2.24 82.4
2016 2.94 2.55 86.9 2.89 2.49 86.3 2.87 2.48 86.2
2017 3.07 2.66 86.8 2.99 2.57 86.1 2.96 2.54 85.9
Avg. 2.99 2.60 86.9 2.93 2.53 86.3 2.90 2.50 86.2

dissolved inorganic nitrogen) and DIP also increased up to 5.2% and
37%, respectively (Fig. 2 and S-Table 4). Increasing rates of TSS were
much greater at Q12 (Lower) (126 ~ 214%) compared to at Q7 (Upper)
(107 ~ 132%) due to increased sediment resuspension and transport by
tidal action following the weir removal (Van Rijn, 1993). Temperature
decreased modestly (0.01 ~ 0.06 °C or 0.1 ~ 1.1%) in the upper region
and increased in the middle and lower region (0.04 ~ 1.31 °C or 0.3 ~
2.6%). Changes in average salinity concentrations increased by 0.001 ~
0.002 psu at Q12 and were considered negligible throughout the study
area (S-Table 4).

3.2. Effect of water velocity or hydraulic residence time changes

Annual average water velocity in the upper region increased by
about 0 ~ 0.42 km/day (This velocity unit was used rather than m/sec to
convey flow in the reach) due to the weir removal (Fig. 3 and S-Table 5).
However, water velocity decreased by 0.04 ~ 0.53 km/day in the
middle region and 0.14 ~ 1.01 km/day in the lower region. Therefore,
hydraulic residence time would decrease at the upper region (Q7) and
increase in the middle region (Q10) and the lower region (Q12), which
would affect the available time for algal growth in the respective region.
Annual average water velocity was the lowest at Q10 (middle), the
deepest part in the study region, due to its large cross-sectional area.
These conditions may make Q10 a region of more favorable for algal
growth and also affect the greatest algal biomass in the lower region
(Q12) each year. Reynolds and Descy (1996) stated that in-channel
phytoplankton growth is strongly influenced by characteristics of the
hydrologic stage.

However, summer average velocity (July-September) showed mixed
results in the middle and lower regions. Except for 2014 and 2015,
summer average velocity increased in the middle and lower regions after
weir removal (Fig. 3 and S-Table 5). In general, the summer Monsoon in
Korea results in higher flow rates during the flood season (Jones et al.,
2009). However, summer discharges in 2014 and 2015 were reduced
due to severe drought in those years (S-Fig. 1). Summer velocity in the

40

middle and lower regions decreased after the weir removal in those two
years. This finding indicates that though the weir removal can increase
water velocity during the flood season, but would decrease average
water velocity in drought.

3.3. Effect of phytoplankton and cyanobacteria growth

Annual average phytoplankton (as chlorophyll-a) decreased 1 ~ 7%
or 1 ~ 3 mg/m? in all cases due to the weir removal except in the lower
region in 2015, where it showed a modest increase of 0.21 mg/m> or
0.6% (S-Table 6). Annual average cyanobacteria decreased in the upper
region in all years but showed varied results in the middle and lower
regions. During 2015 ~ 2016, average cyanobacteria biomass as
chlorophyll-a increased 3 ~ 4% or 0.23 ~ 0.37 mg/m3 at Q12.

In summer (July-September) when excessive cyanobacteria biomass
can occur, after the weir removal, average cyanobacteria decreased by
0.6 ~ 5.4% in the upper region but increased by 0.2 ~ 15.3% in the
lower region (Table 2). In particular, in 2015, the cyanobacteria biomass
in the lower region increased by 4.8 mg/m® (15.3%). However, the weir
removal did not noticeably change cyanobacteria biomass except in
summer 2015 in the middle and lower regions.

After the weir removal, simulations of the spatial distribution of
cyanobacteria in late-August 2015 showed greater uniformity in
biomass within the water column, especially in the deep area in the
middle region near Q10 (Fig. 4-(A) and 4-(B)). During summer 2015,
cyanobacteria distribution would become more widely dispersed both
horizontally and vertically in response to greater mixing due to
increased tidal movement following the weir removal.

3.4. Changes in factors limiting algal growth following weir removal

Phosphorus promotes eutrophication and algal growth in freshwater
(Correll, 1998), however other factors such as physical conditions can be
influential. Fig. 5 shows a curvilinear TP-Chl-a relation in temperate
streams (Van Nieuwenhuyse and Jones, 1996) with summer field data

02013 32014 m2015 m2016 m2017

Increase in nutrients [%]

Upper Middle Lower
TN DIN

Upper Middle Lower

Upper Middle Lower
TP DIP

Upper Middle Lower

Fig. 2. Annual average changes in nutrient concentrations due to the weir removal.
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Table 2
Summer average cyanobacteria changes due to the weir removal.
Variable Year Q7 (Upper) Q10 (Middle) Q12 (Lower)
With Without % With Without % With Without %
Chl-a [mg/m3] 2013 0.57 0.56 99.4 0.89 0.88 99.8 1.11 1.13 101.3
2014 2.30 2.25 97.7 3.99 3.93 98.6 4.90 4.84 98.7
2015 14.37 13.60 94.6 36.99 38.48 104.0 31.43 36.24 115.3
2016 10.28 10.16 98.8 10.69 10.97 102.7 12.50 13.24 105.9
2017 4.92 4.88 99.1 5.77 5.76 99.8 5.94 5.95 100.2

from the study sites superimposed on the relationship. Data from Q1 ~
Q6 (Open circles) represent upstream conditions, where TP and Chl-a
averaged 40 mg/m® and 13.2 mg/m°, respectively. Data from Q7 ~
Q14 (Black circles) represent conditions in the reach polluted by WWTP
discharge, where TP and Chl-a averaged 162 mg/m® and 19.5 mg/m°,
respectively. Observed values in the upper reach averaged 27% greater
than the temperate pattern, while values from the nutrient-rich lower
reach were 7% below, with extreme scatter in the data. This comparison
illustrates that factors other than TP can influence algal biomass in the
Han River.

Algal growth rates depend on nutrient availability, water tempera-
ture, light intensity, and salinity ((Cerco and Cole, 1993); Di Toro et al.,
1971) (Supplemental Equation 1, hereafter S-Eq. 1). Fig. 6 and S-Table 7
summarize the changes in percentage for the growth limiting factors of
summer cyanobacteria following weir removal. Positive values indicate
more favorable growth conditions.

Nutrient limitation of algal growth was estimated using Liebig’s "law
of the minimum" principle (Odum and Barrett, 1971, S-Eq. 2) in the
model. Nitrogen limitation for cyanobacterial growth was not changed
in most stations. In the study area, the smallest TN/TP ratio and DIN/-
DIP ratio were calculated as 23.3 and 32.8, respectively (S-Figure 8).
These values indicate nitrogen was not a limiting factor in this system
and would not likely affect changes in algal growth rate in the study site
for the weir removal (Forsberg and Ryding, 1980; Thomann and Muel-
ler, 1987). In contrast, phosphorus limitation was indicated, especially
in 2015 and 2016. Percent changes in the summer nutrient limitation
based on phosphorus were positive in the upper (+5.26%) and middle
(+1.09%) regions and negative for the lower (—0.29%) region in 2015.
The upper and middle regions showed an increase in nutrient concen-
tration due to decreased water volume, as discussed previously.
Decreased phosphorus limitation in the lower region indicated the
increased consumption of DIP due to increased cyanobacteria growth in
the middle region (Q10). Similar findings were reported by Kim et al.

(2021) during their algal bloom analysis in the Geum River, Korea.

Light limitation of algal growth was calculated using depth-averaged
Steele’s equation (Steele, 1965, S-Eq. 3 ~ 6). The extinction coefficient
was calculated as functions of Chl-a, organic matter, and suspended
solids (Di Toro, 1978) in the EFDC model. Increased TSS concentration
due to the tidal effect by weir removal would increase light extinction
and thus decrease light penetration. While lower water levels resulting
from weir removal would increase the average available light for algal
growth. Therefore, the overall light limitation would be a combination
of above the two effects. Fig. 6 shows the light limiting factor would
decrease during summer, especially in the middle and lower regions.
Changes in the light growth limitation factor in the upper region were
smaller than the other regions because TSS concentrations increased due
to tidal sediment were much less (<1.6 mg/L) as shown in S-Table 4.

Temperature limitation for algal growth was calculated using the
Gaussian probability curve ((Cerco and Cole, 1993), S-Eq. 7). Annual
average temperature becomes 0.04 ~ 0.41 °C higher in the middle and
lower regions while it becomes 0.01 ~ 0.16 °C lower in the upper region.
These changes in summer temperature growth limiting factor, however,
seem negligible as shown in Fig. 6 through the middle region in 2015
increased slightly (0.005 ~ 0.010) following the weir removal.

Salinity limitation for cyanobacterial growth was calculated using S-
Eq. 8 (Cerco and Cole, 1993). Because salinity concentrations were close
to 0 psu in both scenarios, salinity limitation on cyanobacterial growth
was considered negligible.

Table 3 summarizes the changes in the total growth limiting factors
of cyanobacteria in summer calculated by the multiplication of nutrient,
light, temperature, and salinity limiting factors. In general, growth
limiting factors tended to increase with the weir removal. This result
suggests that the weir removal can enhance algal growth potential in the
Han River, however, differences in the net growth limitation factors
were in the range of 0.001 and 0.031, which seemed unimportant. It is
notable that the summer growth limitation of 2015 in the lower region
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Fig. 6. Changes in the growth limiting factor for cyanobacteria due to weir removal during the summer (The orange and blue areas indicate positive and negative,
respectively; P: Phosphorus, L: Light, T: Temperature).

Table 3
Net growth limiting factor of cyanobacteria due to the weir removal during the summer.
Year Q7 (Upper) Q10 (Middle) Q12 (Lower)
With Without % With Without % With Without %
2013 0.182 0.181 99.7 0.144 0.144 100.0 0.156 0.152 97.4
2014 0.242 0.266 109.7 0.134 0.145 108.2 0.135 0.151 112.0
2015 0.212 0.243 114.4 0.074 0.090 120.9 0.101 0.104 103.2
2016 0.187 0.209 111.7 0.052 0.052 100.9 0.157 0.158 100.7
2017 0.123 0.126 102.4 0.072 0.075 103.6 0.125 0.121 96.4
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Fig. 7. Headwater discharges (with summer average flow rate and days less than 150 m®/s between July-Sept) and cyanobacteria dynamics (values in the box
represent average and peak values of cyanobacteria during July-Sept with (W) and without (Wo) the weir).
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(Q12) was around 0.1 and this is the lowest in the study period. Light
availability seems to be the major factor during the low-flow year, as
shown in Fig. 6.

3.5. Headwater conditions following weir removal

Fig. 7 shows Paldang dam discharge rates and simulated cyanobac-
teria biomass changes in the summer with and without the weir. There
were no meaningful changes in cyanobacteria biomass due to the weir
removal except during summer 2015, which is consistent with Table 2.
In 2015, the summer average and peak cyanobacteria in the lower (Q12)
region increased by 15% or 4.8 mg/m> and 20% or 11.8 mg/m® in
response to the weir removal. Noteworthy, summer average cyanobac-
teria was highest in the middle (Q10) region only in 2015 while both
average and peak values were highest in the lower (Q12) region in other
years. This may be caused by reduced water velocity in the middle re-
gion (Q10) following the weir removal as shown in Fig. 3. In 2015, with
the weir removal, the summer average water velocity in the middle
(Q10) region was estimated to be 3.2 km/day, which indicates that it
would take about 3 days to travel 10 km from Q10 to Q12. Using this
calculation protocol, summer travel time between the middle and lower
regions (Q10 ~ Q12) in 2014 and 2016 was estimated at approximately
2 days and 1 day, respectively. Algal growth rate is an exponential
function with time (Di Toro et al., 1971), so longer residence time would
allow exponentially greater cyanobacterial biomass. Excessive growth of
cyanobacteria would consume DIP in the middle (Q10) region, which
would reduce nutrient availability in the lower (Q12) region. Kim et al.
(2021) reported that excessive growth of phytoplankton upstream can
result in depletion of DIP and reduced algal growth downstream in a
large regulated river.

In contrast, in 2013 and in 2017, when the average flows were
greater than other years, differences in summer cyanobacteria biomass
due to the weir removal were modest with the maximum difference of
0.58 mg/m>. Therefore, it can be concluded that the weir removal did
not show an appreciable change in summer cyanobacteria dynamics in
non-drought years. In 2014 and 2016, which are relatively low-flow
years, the summer average and peak cyanobacteria increments were
greater than in 2013 and 2017.

Fig. 7 also shows that cyanobacteria dynamics exhibit exactly the
opposite pattern with headwater discharge. When there was increased
flow, cyanobacteria biomass declined rapidly and when the flow was
reduced, cyanobacteria biomass increased, which emphasizes the
importance of hydraulics on cyanobacterial growth. This effect was
especially pronounced in summer 2015. Moreover, the 2015 drought
was a historically significant impact of the El Nino-Southern Oscillation
(ENSO; Philander, 1983), which indicates severe cyanobacterial growth
would intensify whenever similar ENSO conditions occur (Li et al., 2020;
Liu et al., 2017; Zhang et al., 2018). In Fig. 7, the summer average flow
rate and the number of days when dam discharge was less than 150 m>/s
(chosen by visual inspection) during the summer were denoted. When
flow rates were continuously lower than this value, cyanobacteria
biomass continuously increased, but with increased discharge cyano-
bacteria biomass dropped immediately.

According to Table 3 and Fig. 7, these analyses emphasize the
importance of hydraulics, or residence time, as the key factor controlling
algal blooms in rivers with sufficient nutrients, as reported by other
researchers (Reynolds and Descy, 1996; Jones and Elliott, 2007; Li et al.,
2011; Seo et al., 2012; Graham et al., 2020, (Xia et al., 2020). In
conclusion, if the algal growth potential is high but sufficient residence
time is inadequate, algal growth is limited. In contrast, if the growth
potential of algae is low but sufficient residence time is adequate, the
algae proliferate.

4. Conclusions

This study evaluated changes in water quality and cyanobacteria
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biovolume in the Han River estuary with the removal of Singok Weir.
The 3-D hydrodynamics, water quality, and sediment transport models
in EFDC were applied in combination to account for complicated water
movement, water quality kinetics, and algal growth responses. Re-
sponses in water quality, total phytoplankton, and cyanobacteria bio-
volumes are different spatially and temporally. The response analyses
were performed intensively for three distinct locations, Q7 (upstream),
Q10 (middle stream), and Q12 (downstream) each are 2 km, 12 km, and
24 km above Singok weir, respectively.

Annual average nutrients and organic concentrations due to the weir
removal were controlled by dilution from the headwater, tributary
flows, WWTPs, and tidal flows each year. As the annual average water
level declined by 9.2 ~ 17.5% due to the weir removal, concentrations
of water quality constituents increased given the same waste load to the
study site. Annual average TN and TP increased by 1 ~ 5% (0.1 ~ 0.24
mg/L), 2 ~ 11% (0.001 ~ 0.015 mg/L), respectively. Annual average
TSS increased 8.1 ~ 114% (1 ~ 41 mg/L) due to increased sediment load
from the tidal inflow. Annual average phytoplankton decreased by 1 ~
7% (1 ~ 3 mg Chl-a/m®). Annual average cyanobacteria biovolume
decreased only in the upstream area while it showed mixed results in the
other regions.

In summer (July-September), average cyanobacteria decreased by up
to 5.4% (0.8 mg/m®) in the upper region but increased by up to 15.3%
(4.8 mg/m3) in the lower region due to the weir removal. In particular,
in the driest year, 2015, peak cyanobacteria biomass in the lower (Q12)
region increased by 20% (11.8 mg/m®). The corresponding changes in
hydraulic residence time seem to be the principal factor determining
biomass. However, summer average cyanobacteria differences in most
years were less than 1.0 mg Chl-a/m® except the extremely dry year,
2015. During the summer, cyanobacteria distribution would become
more widely dispersed, both horizontally and vertically in response to
increased tidal movement. This result emphasizes the importance of
seasonal and hydrodynamic assessment when analyzing cyanobacteria
in response to external changes, which can be masked in annual average
values by numerous factors.

Factors for algal growth increased during summer suggesting that the
weir removal can enhance seasonal algal growth potential in the Han
River. The effect of the weir removal tended to be greater in the upper
reach during low flow and light limitation seemed to be the dominant
factor. However, differences in the increment in net growth limitation
factors were modest (<0.031).

Noteworthy, the role of hydrology stood out as the major factor
determining algal growth, with greater relative importance than nutri-
ents, light, and temperature. The major factor determining factor for
harmful algal growth in the lower area in 2015 was residence time,
which was affected by the discharge of headwater Paldang Dam. When
flow rates were continuously lower than 150 m®/s, cyanobacteria
biomass increased, but with increased discharge, cyanobacteria biomass
dropped immediately. In conclusion, when the algal growth potential is
high, as in the Han River, hydrology determines biomass.
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