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  Abstract       2-Methylisoborneol (2-MIB) is a cyanobacterial metabolite that is responsible for many 
taste and odor (T&O) complaints related to the aesthetics of drinking water and poses a problem for water 
authorities because it is recalcitrant during conventional water treatment. A numerical model was developed 
to simulate 2-MIB in the Qingcaosha Reservoir, an estuarine drinking water resource in the Changjiang 
estuary with known 2-MIB episodes. The objective of this study was to numerically simulate the generation 
and release processes of 2-MIB in the reservoir and to provide useful information for better management of 
drinking water resources experiencing T&O problems caused by cyanobacteria. The simulation results from 
2009 to 2013 showed that the simulated 2-MIB concentrations corresponded well to the observational data. 
2-MIB was released mainly during periods of low dissolved oxygen (DO) levels with an adequate potential 
sediment source. The temporal and spatial variations in nutrients, chlorophyll-a (Chl-a), Cyanophyta and 
2-MIB were presented and analyzed during 2009 to 2013. According to the study results, high-concentration 
areas and peak levels of 2-MIB can be controlled by inhibiting algal growth and increasing oxygen levels in 
the water, which can be achieved via adequate water exchange and oxygen exposure in the reservoir, respectively. 

  Keyword : 2-methylisoborneol; taste and odor; drinking water resource; cyanobacteria; ecological model 

 1 INTRODUCTION 

 Human activities, such as agricultural non-point 
source pollution and industrial sewage discharge, 
accelerate the eutrophication process in natural 
waters. Aquatic eutrophication caused by phosphorus 
and nitrogen can lead to blooms of cyanobacteria that 
produce 2-methylisoborneol (2-MIB). In China, the 
occurrences of 2-MIB were frequently reported. 
According to the published data, the peak 
concentrations of 2-MIB in Chinese lakes and 
reservoirs were mostly hundreds of times higher than 
in rivers (Zhang et al., 2016). This chemical, degrades 
water quality, and is responsible for many taste and 
odor (T&O) complaints related to the aesthetics of 
drinking water, and has been shown to be recalcitrant 
during conventional water treatment (Codd, 2000; 
Parinet et al., 2010; Burgos et al., 2014). However, 
the high costs of 2-MIB treatment involving powdered 
activated charcoal or ozone make it impractical for 
most facilities to continuously treat their incoming 

raw water (Watson et al., 2007). Therefore, predictive 
tools are needed to analyze the occurrence potential 
of T&O events and to provide useful information for 
better management of drinking water resources. In 
previous studies, several empirical models were 
developed based on the strong correlation between 
key water quality variables (e.g., chlorophyll- a  (Chl-
 a ), chemical oxygen demand, dissolved oxygen (DO), 
and Secchi depth) and T&O compounds (Smith et al., 
2002; Mau et al., 2004; Sugiura et al., 2004; 
Christensen et al., 2006). These models could predict 
T&O issues and are simpler and more cost-eff ective 
to implement. In freshwater resources where 
cyanobacterial blooms are common, empirical models 
of cyanobacterial biomass (Downing et al., 1999), 
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cyanobacterial detection systems (Izydorczyk et al., 
2005; Gregor et al., 2007), and water quality variables 
closely related to T&O compounds (Davies et al., 
2004; Sugiura et al., 2004) could be used to predict 
the likelihood of unacceptable T&O events 
(Dzialowski et al., 2009). However, few numerical 
models have been developed to directly simulate the 
generation and release of T&O compounds, including 
2-MIB, according to their generation mechanisms. 

 The purpose of this research was to develop a 
numerical model for simulating the generation of 
2-MIB in a shallow freshwater resource, the 
Qingcaosha Reservoir. In particular, we sought to 
validate the reliability of the simulated ecological 
process in the model and to analyze the relationship 
between the variation in 2-MIB and the changes in 
reservoir operations. 

 2 MATERIAL AND METHOD 

 2.1 Study area and reservoir information 

 The Qingcaosha Reservoir is located in the 
Changjiang estuary (Fig.1), which receives a markedly 
higher nutrient fl ow than other estuaries in China (Gao 
and Song, 2005). This reservoir was designed to 
supply more than 50% of the total freshwater used in 
Shanghai and to serve more than 13 million people. 
Construction of the reservoir was fi nished in 2010, 
and normal operation began in 2011. The reservoir 
was built along the northern coast of Changxing 

Island. Freshwater and saltwater oscillate back and 
forth with the ebb and fl ood current in this area in the 
dry season (Wu et al., 2006; Qiu and Zhu, 2013; 
Chang et al., 2014). Utilizing the water level diff erence 
between the inside and outside of the reservoir, the 
northwest (upper reach) and southeast (lower reach) 
gates of the Qingcaosha Reservoir were designed to 
exchange freshwater and to prevent saltwater from 
entering the reservoir. The reservoir area is 66.15 km 2 , 
and the water depth varies from 2.7 m to 12.1 m, 
generally increasing from the northwest to the 
southeast. The reservoir was enclosed, and no water 
was exchanged with Changjiang estuary during the 
construction from April 2009 to September 2010. 
Construction of the reservoir was completed, and trial 
operation began in October 2010. The water supply of 
the reservoir was approximately 800 000 tons/day, 
and the gates were operated only once per day to draw 
in water from Changjiang estuary during the trial 
operation period from October 2010 to December 
2010. After the trial operation period, the water supply 
was gradually increased to 2.5 million tons/day at the 
end of 2011 and to 4 million tons/day at the end of 
2012. The gates were opened twice daily to take water 
into the reservoir during the high water levels of the 
semi-diurnal tides. 

 2.2 Observational data 

 The observational data in this study was collected 
by the Shanghai Environmental Monitoring Center 
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(SEMC) and National Engineering Research Center 
of Urban Water Resources (NERC) (Fig.1, Table 1). 
Site #0 was located at the northwest gate to monitor 
the infl ow water quality from the Changjiang estuary. 
The other observation sites (#1–#7) were set according 
to the bathymetry characteristics of the reservoir. DO, 
total nitrogen (TN), total phosphorus (TP) and 
phytoplankton Chl- a  were collected at sites #0–#5 
from 2009 to 2013. The biomass of  Cyanophyta  was 
determined at site #4 from 2009 to 2013. The 2-MIB 
concentrations from 2011 to 2013 were determined at 
sites #0, #4, #6 and #7. All the observed and 
experimented data were sampled at a depth of 0.5 m 
from the water surface. Every sample was collected 
instantaneously without combination. DO was in-situ 
measured using the electrochemical probe method, 
and the other water quality parameters were analyzed 
in laboratories. TN was analyzed by alkaline 
potassium persulfate digestion-UV spectrophotometry. 
TP was determined by ammonium molybdate 
spectrophotometry. Chl- a  was analyzed using 
spectrophotometric method. The biomass of 
 Cyanophyta  was analyzed by cell counting and dry 
weight measurement. 2-MIB was analyzed using 
solid phase micro extraction (SPME) and gas 
chromatography. 

 2.3 Main process coeffi  cients of 2-MIB in the model 

 ECOMSED model was adapted for the 
hydrodynamic simulation in Qingcaosha Reservoir. 
ECOMSED is applicable to shallow water 
environment, such as rivers, estuaries, reservoirs and 
lakes. Model performance has been evaluated by 
applications of the model to many real-world 
situations. There have been over 350 journal articles 
that were based on the use of the various ECOMSED 
sub-models (Blumberg and Krone, 2002). The 
orthogonal & curvilinear coordinate in the horizontal 
direction and the  σ  coordinate in the vertical direction 

were utilized in this model to match well with the 
topography and shorelines. RCA was adapted for the 
water quality simulation in Qingcaosha Reservoir. 
RCA model is the descendant of WASP/AESOP, 
supported by the EPA’s Center for Water Quality 
Modeling (Fizpartick, 2004). It is able to directly 
interface with ECOMSED and utilizes the same model 
grid, geometry and bathymetric information as used in 
the hydrodynamic model. RCA is open-source and has 
a fl exible structure to allow developers to add new 
water quality indexes and ecological modules in the 
model. Using RCA, we rebuilt an ecological model 
that had been developed to simulate the nutrients and 
diff erent algal species in Dianshan Lake by the authors 
(Chen et al., 2016). Dianshan Lake is a tidal lake 
located in the lower reaches of the Taihu Lake Basin 
and is also an important drinking water resource for 
Shanghai. Dianshan Lake and Qingcaosha Reservoir 
are both shallow water resources with similar algal 
species and growth successions. The predominant 
algae are  Bacillariophyta  in winter,  Chlorophyta  in 
spring and autumn, and  Cyanophyta  in summer.  

 In this study, the ecological model rebuilt by RCA 
was applied in Qingcaosha Reservoir and a new 
module for 2-MIB was developed. The generation of 
2-MIB in the model was designed according to the 
observed data in Qingcaosha Reservoir and the global 

 Table 1 Coordinate of the observation sites 

 Site  Longitude (°)  Latitude (°) 

 #0  121.545 7  31.490 9 

 #1  121.570 4  31.483 8 

 #2  121.602 0  31.454 1 

 #3  121.613 0  31.473 0 

 #4  121.652 5  31.447 3 

 #5  121.709 3  31.420 1 

 #6  121.696 8  31.426 6 

 #7  121.683 8  31.433 2 
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measurements of 2-MIB (Fig.2). The T&O compounds 
detected in Qingcaosha Reservoir were geosmin and 
2-MIB. The maximum level of geosmin was 
0.002 mg/m 3 , while the level of 2-MIB could exceed 
2.5 mg/m 3 . Therefore, 2-MIB is the main T&O 
compound in Qingcaosha Reservoir. According to 
previous studies, the main source of 2-MIB is not 
from the growth of  Cyanophyta  but from the microbial 
decomposition of dead  Cyanophyta  in the sediment 
(Zhu et al., 2008; Deng et al., 2013). The DO 
concentration in the overlying water has an important 
infl uence on the release of 2-MIB. The release of 
2-MIB from the sediment occurs mainly in oxygen-
starved water, and sediment disturbance can aggravate 
this process (Zhu et al., 2008; Hu et al., 2009). 
Biodegradation appears to be more important than 
volatilization, photolysis or adsorption in the 
reduction of 2-MIB in water (Ho et al., 2007). 

 The main equations for the 2-MIB simulation are 
as follows: 

 DMIB=RM×DEP,  (1) 

 SMIB=KSD×DMIB×DZ,  (2) 
 NSMIB=SMIB–RMIB,  (3) 
 SEDMIB=∫NSMIB  d  t ,  (4) 

 
20

0,            DO>MIBDO
KRSMIB TRSMIB SEDMIBRMIB= ,

SEDMIB HSMIB
DO MIBDO

T 


  



 

  (5) 

 DTMIB=RMIB/DZ–DGMIB, (6) 
 MIB=∫DTMIB d t , (7) 
 DGMIB=KMIB×TMIB T  –20 ×MIB×

[MIB/(MIB+HMIB)],  (8) 
 where DMIB is the generation rate of 2-MIB from 
dead  Cyanophyta ,DEP is the generation rate of dead 
 Cyanophyta , RM is the mass ratio of potential 2-MIB 
in  Cyanophyta  cells, SMIB is the sediment fl ux of 

2-MIB, DZ is the depth of each vertical layer in the 
model, KSD is the sediment ratio of detritus, NSMIB 
is the net sediment fl ux of 2-MIB, SEDMIB is the 
accumulated concentration of 2-MIB in the sediment, 
 dt  is the computational time step in the model, RMIB 
is the release fl ux of 2-MIB from the sediment, 
MIBDO is the threshold concentration of DO in the 
overlying water (which determines the presence of an 
anaerobic environment in the sediment), KRSMIB is 
the release rate of 2-MIB from the sediment at 20°C, 
TRSMIB is the temperature coeffi  cient for the release 
rate of 2-MIB from the sediment,  T  is the temperature 
of the overlying water, HSMIB is the half-saturation 
constant for the sediment release of 2-MIB, DTMIB 
is the rate of variation of 2-MIB in the water, MIB is 
the 2-MIB concentration in the water, DGMIB is the 
degradation rate of 2-MIB in the water, KMIB is the 
maximum degradation rate of 2-MIB in the water at 
20°C, TMIB is the temperature coeffi  cient for the 
degradation rate of 2-MIB in the water, and HMIB is 
the half-saturation constant for the degradation of 
2-MIB in the water. 

 The reasonable ranges of the main coeffi  cients in 
the model were determined by experiments and from 
the literature (Ji et al., 2004; Ho et al., 2007; Zhu et 
al., 2008), and their values were adjusted and 
confi rmed in the calibration (Table 2). 

 3 RESULT AND ANALYSIS 

 3.1 Model validation 

 The variations in the nutrients, Chl- a , algae and 
2-MIB in the reservoir from 2009 to 2013 were 
simulated by RCA with the 2-MIB module, which 
was coupled with the hydrodynamic fi eld. The fl ow 
fi eld was simulated using ECOMSED that specifi ed 
the open boundaries using historical drainage and 
discharge data for the reservoir and the water surface 
boundaries using wind data.  

 Table 2 Main process coeffi  cients of 2-MIB in the model 

 Coeffi  cient  Value  Unit 

 Mass ratio of 2-MIB in  Cyanophyta  cell  0.013 447  - 

 Threshold concentration of DO in the overlying water to judge the anaerobic environment in sediment  3.8  g/m 3  

 Release rate of 2-MIB from sediment at 20℃  0.042 5  g/(m 2 ·d) 

 Temperature coeffi  cient for the release rate of 2-MIB from sediment  1.2  - 

 Half saturation constant for the sediment release of 2-MIB  0.000 01  g/m 2  

 Maximum degradation rate of 2-MIB in water at 20℃  0.064  1/d 

 Temperature coeffi  cient for the degradation rate of 2-MIB in water  1.047  - 

 Half saturation concentration for the degradation of 2-MIB in water  0.000 01  g/m 3  
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 The concentrations of TN, TP, DO, Chl- a , 
 Cyanophyta  and 2-MIB in the 2-MIB and ecological 

model were validated against observational data 
(Figs.3 and 4). Compared with the observational data, 
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the model successfully simulated the variations in 
nutrients, algae and 2-MIB in Qingcaosha Reservoir. 
The observed nutrient and algal data showed that the 
phytoplankton quickly grew in the summer and 
autumn of 2009 (Fig.3) because of stagnant water 
conditions due to a lack of water intake and supply in 
the reservoir. Nutrients decreased in 2009 because of 
a lack of nutrient input and nutrient consumption 
during algal growth. In the second half of 2010, the 
nutrient concentrations gradually increased to a high 
level because of increased intake of the high-nutrient 
estuarine water. The peaks in Chl- a  and  Cyanophyta  
in summer decreased year after year. The algal growth 
was obviously limited by the increasingly frequent 
water intake and supply in the reservoir. DO fl uctuated 
seasonally, ranging mostly from 4 g/m 3  in summer to 
14 g/m 3  in winter; DO was consumed by nutrients and 
algae and supplemented by water intake and 
atmospheric reaeration. 

 In the simulation, 2-MIB was released mainly in 
summer and autumn, when DO was low and 
 Cyanophyta  levels were high. The durations of 2-MIB 
events were short, and the peaks were very high. The 
peaks gradually decreased annually as the water 
intake and supply increased, limiting the growth of 
 Cyanophyta . The annual trends of the simulated 
2-MIB matched the measured data quite well (Fig.4). 

 The averaged relative error of each simulated 
parameter was calculated to evaluate the accuracy of 
the ecological model. The equation adopted from 
other similar studies is as follows (Pei and Ma, 2002; 
Chen et al., 2016): 
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the index of observation sites,  l  is the index of month, 
 M  is the number of total months,  γ  is the averaged 
relative error of water quality parameters,  S  is the 
monthly average of simulated results, and  R  is the 
monthly average of real data. 

 The maximum errors are from  Cyanophyta , Chl- a  
and 2-MIB (averaged errors were 58.12%, 57.83% 
and 50.56%, respectively), while the minimum errors 
are from DO (averaged errors were 16.12%, Table 3). 
The 2-MIB of #0 was not included in the error 
statistics, because it was adapted to be the boundary 
concentration of upstream. The averaged errors of 
other parameters are about 30%. As shown in Table 3, 
when compared with the calibration errors in other 
studies (Pei and Ma, 2002; Chen et al., 2016), the 
errors of simulated results are acceptable to describe 
the variations in water quality, algae and 2-MIB in 
Qingcaosha Reservoir.  

 According to the temporal variations of DO in 
diff erent layers (Fig.5), the DO diff erence among 

vertical layers was very small in winter and grew larger 
in summer, because the oxygen consumption processes 
of algae and nutrients in water and sediment were more 
obvious while the water temperature was high. The 
diff erence was still small in 2009 and 2011, because the 
nutrients infl ux, the main oxygen consumer, was still 
low in the fi rst 2 years. There was the largest diff erence 
of DO in vertical in the summer of 2011. The valley of 
the bottom layer, less than 1 mg/m 3 , was 2 mg/m 3  lower 
than the top layer. And the diff erence was still obvious 
in the summers of 2012 and 2013, because of the 
adequate nutrients infl ux into the reservoir. The low 
oxygen level in the bottom layer could result in an 
oxygen-starved environment in the overlying water, 
activate the microbial decomposition of dead 
 Cyanophyta  in the sediment and lead to the release of 
2-MIB from the sediment. 

 3.2 Analysis of simulated 2-MIB 

 The annual statistics of the maximum simulated 
surface concentrations of 2-MIB in the reservoir were 
used to analyze the spatial and temporal variations in 
2-MIB during diff erent reservoir operations (Fig.6; 
Table 4). The maximum surface concentration of 
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 Table 4 Annual statistical areas of the simulated maximum 
2-MIB concentration 

 2-MIB
  (mg/m 3 ) 

 Annual statistic areas of 2-MIB peak concentration (km 2 ) 

 2009  2010  2011  2012  2013 

 >30   0.00   0.33   0.85   0.00   0.00  

 >20  0.13   1.25   5.44   0.00   0.00  

 >10  0.13   3.02   14.42   0.85   0.00  

 >5   0.13   5.51   23.13   4.46   0.79  

 >3  0.26   8.19   29.23   10.03   2.75  

 >1  0.66   15.14   41.22   29.56   21.43  

 Table 3 Averaged relative errors of simulated water quality 
parameters at each observation site 

 Sites 
 Averaged relative errors of simulated 

water quality parameters (%) 

 2-MIB   Cyanophyta   Chl- a   DO  TN  TP 

 #0  -  -  59.15   -  45.36   51.13  

 #1  -  -  65.97   7.18   33.54   40.15  

 #2  -  -  59.99   19.03   29.90   31.82  

 #3  -  -  58.46   17.39   32.49   28.45  

 #4  52.18   58.12   44.63   21.77   20.31   28.34  

 #5  -  -  58.75   15.23   29.83   34.11  

 #6  49.84   -  -  -  -  - 

 #7  49.66   -  -  -  -  - 

 Average  50.56   58.12   57.83   16.12   31.91   35.67  
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 Cyanophyta  and the minimum concentration of DO in 
the overlying water were also determined to support 
the analysis of the 2-MIB variation (Figs.7 and 8).  

 The spatial distribution of the simulated maximum 
 Cyanophyta  varied from 0.8 to 1 g/m 3  in 2009 (Fig.7). 
 Cyanophyta  bloomed throughout the whole reservoir 
under stagnant water conditions, and a small amount 
of 2-MIB was simultaneously released (Fig.6). The 
area with 2-MIB concentrations above 1 mg/m 3  in the 
annual statistics was only 0.66 km 2  in 2009 (Table 4). 
This phenomenon could be explained by the annual 
statistics of DO in 2009 (Fig.8). The minimum DO 
concentration in the overlying water exceeded 4 g/m 3  
in 2009, which reduced the probability of an anaerobic 
environment forming in the sediments. The threshold 
concentration of DO in the overlying water for the 
formation of an anaerobic environment in the 
sediments was set to 3.8 g/m 3  in the simulation. This 
value was determined by the former research result in 
laboratory (2-MIB released little from sediment while 
DO was above 4 g/m 3 ) and the model validation (Zhu 
et al., 2008). The microbial decomposition of dead 

algae was suppressed, and the release of 2-MIB was 
slow and small in 2009.  

 The maximum  Cyanophyta  abundance was 
decreased by half with the increasing water intake and 
supply to the reservoir in 2010. However, the intake 
of water adds nutrients to the reservoir, and higher 
nutrient levels in the reservoir lead to greater oxygen 
consumption. An oxygen-starved area appeared in the 
northwest region of the reservoir, near the gate for 
water intake (Fig.8), and the microbial decomposition 
of dead algae occurred in the anaerobic environment. 
The 2-MIB levels were high in the same area, and the 
maximum 2-MIB concentration exceeded 30 mg/m 3  
in 2010 (Fig.6; Table 4). 

 The most severe 2-MIB episode occurred in 2011. 
The maximum level of 2-MIB was greater than 
10 mg/m 3  along the central wetland in the reservoir. 
This event covered an area of 14.42 km 2 , representing 
almost 30% of the total area of the Qingcaosha 
Reservoir (Fig.6; Table 4). In 2011, the water intake 
continuously increased, and the water exchange was 
more frequent in the reservoir. The maximum 
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 Cyanophyta  abundance was limited to 0.06–0.2 g/m 3  
(Fig.7), but the area of a potential anaerobic 
environment extended to the entire western portion of 
the reservoir because more oxygen-consuming 
nutrients were taken into the reservoir (Fig.8). The 
anaerobic environment and the potential sediment 
source of 2-MIB accumulated in 2009 and 2010, 
causing the 2-MIB episode in 2011. 

 The low-oxygen area in the bottom of the reservoir 
inevitably expanded in 2012 and 2013 because of the 
increasing water supply and frequent water intake 
(Fig.8). However, the maximum levels and high-
concentration areas of 2-MIB obviously decreased in 
these two years (Fig.6; Table 4) because the 2-MIB in 
the sediment had been suffi  ciently released and 
because the  Cyanophyta  had been essentially 
controlled since 2011 (Figs.6 and 7). The maximum 
2-MIB concentration varied from 3 to 10 mg/m 3  in 
2012 and was mainly concentrated in the mid-north 
and southeast shoals along the reservoir embankment. 
The maximum 2-MIB level decreased to 3–5 mg/m 3  
in 2013, and the area shrank to the southeast shoal 
(Fig.6). 

 4 CONCLUSION 

 In this research, an ecological module based on 
RCA was developed to simulate the generation and 
release of 2-MIB in the Qingcaosha Reservoir, which 
is an important drinking water source. This model 
was designed based on observational data in the 
reservoir and previous global measurements and 
analyses of 2-MIB. The simulated variation trends of 
nutrients, algae and 2-MIB in the reservoir were fairly 
consistent with the observed data.  

 According to the simulation, 2-MIB episodes in 
the reservoir were the combined result of a  Cyanophyta  
bloom and an oxygen-starved environment in the 
overlying water. 2-MIB can be quickly released only 
when the sediment with enough dead algae source is 
overlain by an anaerobic environment. Therefore, to 
suppress the generation and release of 2-MIB, water 
authorities could increase water exchange and 
improve water mobility in water resources to inhibit 
algal growth and implement water aeration devices to 
increase the oxygen levels in areas prone to becoming 
anaerobic. 

 This study enhances the understanding of the 
generation and release mechanisms of 2-MIB, thereby 
providing useful information for better management 
of drinking water resources experiencing T&O 
problems caused by 2-MIB. 

 5 DATA AVAILABILITY STATEMENT 

 The data that support the fi ndings of this study are 
available from Shanghai Academy of Environmental 
Sciences, but restrictions apply to the availability of 
these data, which were used under license for the 
current study, and so are not publicly available. Data 
are however available from the authors upon 
reasonable request and with permission of Shanghai 
Academy of Environmental Sciences. 
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