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Abstract: Eutrophication in lakes and reservoirs is a serious environmental problem that has damaged
ecosystem health worldwide. Water diversion is one of the most popular methods for improving the
water quality in shallow lakes, as it dilutes pollutants in and diverts them out of the lake. However,
simple diversion without rational water distribution cannot significantly enhance water exchange
in the entire lake because dead water zones always exist. This paper illustrates a case study on
water quality improvement in Xihu Lake by diversion and water distribution. Based on theoretical
calculation, the diversion water discharge was determined and rationally distributed into four
different locations. According to the field observations after the implementation of the diversion and
water distribution project, the average velocity over the dead water zones increased approximately
50 times over that of prior to the project. The average water exchange period reduced from 68 days to
22.5 days. The average turbidity was 8.8% and 12.4% lower than before after two and four months of
diversion, respectively. The maximum turbidity reduced from the original 27.5 NTU (Nephelometric
Turbidity Unit) to 20.1 NTU after two months of diversion, then to 16.1 NTU after four months of
diversion. It shows that this diversion and rational water distribution eliminates most of the dead
water zones and achieves a favorable flow field, thus reducing the turbidity and increasing water
transparency, which is conducive to the improvement of water quality.
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1. Introduction

Eutrophication in lakes and reservoirs is a serious environmental problem that damages ecosystems
worldwide [1-3]. In shallow unstratified lakes, it is more difficult to decrease algal biomass and increase
transparency than in deep stratified lakes [4,5]. Consequently, the control and prevention of shallow lake
eutrophication have attracted the attention of scientists, the public, local authorities, and governments.
In general, methods to improve water quality in shallow lakes mainly are divided into three categories:
biological [6-10], chemical [11-13], and physical [14-19]. Among these methods, water diversion has been
proposed as an important physical method for lake restoration [20,21]. Water diversion diverts clean and
low-nutrient water to a eutrophic lake in order to improve the water quality [22]. The theory behind this
mechanism is that adding large amounts of low-nutrient water not only can dilute the pollution in a lake,
but also accelerate water exchange and eliminate dead water zones in the water body. The advantages
of water diversion are that it is low cost, easy to conduct, and can show a quick response in nutrient
reduction when a suitable quantity of dilution water is available [23].

In many countries, water diversions have been successfully implemented to improve water
quality in lakes. Examples include Moses Lake in Washington, DC, USA, into which a large volume
of low-nutrient water from the Columbia River was introduced during the spring and summer
of 1977 [24,25]; another water project in the United States that involved diverting the Mississippi River
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into Lake Pontchartrain [26,27]; and a diversion project for Lake Veluwe in Holland [28]. In Canada,
water has been diverted from the Red Deer River to Alix Lake by eight kilometers of pipelines, channels,
and small ponds [29]. Although comparative pre-diversion data are limited, it appears that the
diversion has had a positive influence on the recreational water quality of Alix Lake since 1997, and the
annual diversion volumes have risen from 6.8 million m3 in 2000 to 15.4 million m® in 2001. Enhanced
flushing from the diversion has generally reduced phosphorus and chlorophyll concentrations in
the lake. Since the 1990s in China, the pollution in large shallow lakes such as Lakes Taihu, Dianchi,
Xuanwu, Xihu, and Jinshan also has been diluted through diversion projects, and positive results
regarding water quality were achieved [20,30-33]. For example, the aim of the Yangtze River water
diversion project was to enhance water exchange in Taihu Lake 2, which is the third largest freshwater
lake in China [34]. Water transfer from the Yangtze River was initiated in 2002 to dilute polluted water
in the lake and to accelerate the flushing of pollutants and algae out of the lake. The main route of the
original water transfer brought fresh water from the Yangtze River into Taihu Lake via the Wangyu
River and took water out of the lake through the Taipu River. To date, four different routes have been
implemented. The diversion from the Yangtze to rescue Taihu Lake has improved the water quality of
Taihu Lake and its affiliated networks while also increasing the carrying capacity of water resources in
the Taihu Lake Basin [35,36].

However, some diversions improve water quality only marginally; they cannot significantly
enhance water exchange in the entire lake, thus heavily polluted areas still exist [37]. For example,
Zhai et al. [38] assessed ecosystem health based on the ecological indicators: the exergy, structural
exergy, phytoplankton buffer capacity, and trophic state index. Exergy expresses the biomass of the lake
system and the information that the biomass is carrying. Structural exergy is defined as exergy divided
by the total biomass. It expresses the dominance of the higher organisms and measures the ability
of the ecosystem to utilize the available resources. The phytoplankton buffer capacity is the ability
of water to resist changes in pollutant concentration. The trophic state index expresses the quantities
of nitrogen, phosphorus, and other biologically useful nutrients of the water body. An ecosystem
with high exergy, high structural exergy, high buffer capacities and low trophic state index could be
considered to be of good health. The results showed that the original Yangtze River diversion had
a positive effect on water quality only in parts of the lake, such as Gonghu Bay and the northwest,
southwest and central zones, but had no significant effect on Meiliang Bay based on regression analysis
of long-term data. The original Yangtze River diversion may have alleviated the eutrophication issue
in parts of the lake, but it has not substantially enhanced water exchange in Meiliang and Zhushan
Bays [39]. The improvement in water quality from these diversion projects did not afford sufficient
benefits. The defect of current diversion projects is that the diversions generally have only one outlet
so that the diverted clean water always forms a main current that flows faster through the lake. In such
situations, the flow field of the lake may not be ideally reconstructed. Namely, some dead water zones
still exist where water runs quite slow or even stagnates, hence the diverted clean water cannot fully
flush out the turbid water [37]. The diverted water needs to be properly distributed to various key
locations to holistically enhance water exchange in the system [21]. Thus, it is necessary to investigate
the proper mode of water diversion and distribution.

This case study concerns the water diversion and distribution project that has been successfully
implemented in Beili Lake, which is part of Xihu Lake. In this case, the clean water was diverted from
Xili Lake through one input and was systematically distributed to four outputs to fully reconstruct the
flow field of Beili Lake.
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2. Materials and Methods

2.1. Study Area

Xihu Lake is located in the city of Hangzhou in Zhejiang Province and has an area of 6.5 km? and
a perimeter of about 15 km. The lake consists of the main lake, Beili Lake, Xili Lake, Xiaonan Lake,
and Yue Lake, as shown in Figure 1.

The bed of Xihu Lake is relatively flat, with sediment that mainly contains high organic limnic
deposition, and silty clay loam. The area of the Xihu Lake basin is about 21.22 km?, and the annual
runoff is 14 million m3. The water capacity of the entire lake is about 16.25 million m® when the water
level is maintained at the Yellow Sea elevation of 7.18 + 0.05 m, and the water storage capacity is nearly
10 million m®. The natural exchange frequency of water is 2 times/ year [40].

4 ..‘.f,, ; : 3%y
= Beili Lake _.'She‘h.k
r Qutlet Oullet< " Gagy'

(e

: ‘Waterinlet-=

= N
2 2
4 Yas Lake
Outfet’
{ ]

",.»Yue Lake —= . Xihu Lake

Main Lake

Zuibai House" .
5f  Inlet- <
. Xiaonan
" Wugui Pool /Lake
Inlet . 1..~Changgiao,
: 5 o Bay Inlet. .
Huangmi Xiaonan £
House Inlet Lake Inlet _ =

)
cu

1 1
Kilometers

Figure 1. Shoreline features of Xihu Lake.

In September 1986, the Hangzhou municipal government completed sewage interception and
diversion works for Xihu Lake. Since then, diversion from the Qiantang River has a water discharge of
3 x 10° m3/day to Xihu Lake. Later, two pretreatment sedimentation tanks employing the flocculation
precipitation method were built to purify the diverted water, and their daily processing capacities
were 3 x 10° m®/day and 1 x 10° m3/day. With these pretreatment sedimentation tanks, the raw
water was purified, so that the water quality into the lake was greatly improved [20]. The diversion of
4 x 10° m3 water per day from the Qiantang River altered the original water exchange rate of Xihu
Lake from once a year to once a month. As shown in Figure 1, five inlets and nine outlets are located in
the shoreline; their discharges are listed in Table 1. However, places such as the southeast corner of the
lake, Beili Lake, and the southwest region of Yue Lake, where the concentration of total phosphorus
(TP) has not been reduced, are the dead corners of the diversion works.

Beili Lake is located in the northern part of Xihu Lake. It has a total water surface area of 0.27 km?
and an average water depth of 2.2 m. Under normal circumstances, the lake has a total storage capacity
of about 49 million m3. Beili Lake connects to Xihu Lake through three tunnels and bridges. A small
outlet pipeline discharges the lake water into the sewage system. The flow in Beili Lake is very slow,
water exchange cycle is long, and the water quality is rather poor (Bad V class according to Chinese
water quality standards [41] as shown in Table 2).
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Table 1. Discharge at the five inlets and nine outlets.

Outlets Inlets
Name Discharge (m®/s) Name Discharge (m®/s)
Beili Lake 0.2496 Xiaonan Lake 2.351
Yue Lake 0.9632 Huangmi 0.22
House

Liulang 0.0228 Wugui Pool 0.285

Jinniuchi 0.0588 Zuibai House 0.571

Yongjin Gate 0.0604 Changgiao Bay 116
Dahua 0.0081
Park I 0.0859
Park V 0.2310
Shengtang Gate 3.1223

Table 2. Standard values of specific items for lakes and reservoirs [41].

Item No. Classification Standard Value Items  Class I Class II ClassIIIT ClassIV  Class V

1 Total Phosphorus (mg/L) < 0.002 0.01 0.025 0.06 0.12
2 Total nitrogen (mg/L) < 0.2 0.5 1.0 15 2.0
3 Chlorophyll a (mg/L) < 0.001 0.004 0.01 0.03 0.065
4 Transparency (m) > 15 4 2.5 15 0.5

2.2. Requirements for Diversion and Water Distribution

To improve the water quality of eutrophic lakes, the concentrations of phosphorus and nitrogen
need to be reduced and controlled. Biologically, nitrate can be absorbed by aquatic plants, which are
artificially planted in shallow rivers, canals, and lakes, as shown in Figure 2. In addition, the pollutants
can also be degraded by microorganisms. It should be noted that nitrate is very soluble, which is
generally detrimental to plants [42]. Hydraulically, these constituents can be washed away from their
places of production and be diluted by a large amount of water. The advection—diffusion equation for
a pollutant can be expressed by

oS aS dS 9S _ (9% 4 9% | &S
BruB+vELWE =v(2+ 254+ 25) +q+k,
Advection term Dif fusion term

)

where S is the concentration of the pollutant, i.e., inorganic forms of either phosphorus or nitrogen;
U, V, and W are the flow velocities in the X, y, and z directions, respectively; v is the diffusion coefficient
of the pollutant; k is the biodegradation rate of the pollutants, which represents the capability of
bacteria, fungi, or other biological means to disintegrate pollutants; g is the source, which may be
linked with atmospheric deposition and release from bottom sediments; and X, y, and z are the relative
coordinates of the pollutant source in the Cartesian coordinates.

Figure 2. Aquatic plants artificially planted in a shallow lake in China.
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However, many dead water zones generally exist where flow velocity is null in shallow lakes,
such as Xihu Lake. Within the dead water zones, flow velocities U, V, and W, respectively, in the X,
y, and z directions are zero. In other words, the advection term inside the dead water zones is zero.
Then, Equation (1) becomes:

9S (azs %S 9?8

ﬁ:V a)(2+a}72+azz)+q+k (2)

Comparing Equations (1) and (2), the following can be seen. (1) In a running flow field, the flow
provides advection hydrodynamics, which takes pollutants away from their production places, akin to
the Chinese idiom that running water never gets stale. The higher the flow velocities are, the faster
the pollutants are taken away; (2) In the dead water zone, without the advection provided by the
flow, the concentration of pollutant mainly changes via diffusion and the absorption by the aquatic
plants. Because of the small magnitude of the diffusion coefficient, the amount of pollutant passing
through the boundary of the dead water zone would be very small. In other words the exchange of
pollutant between the outer and inner layers of the dead water zone can be regarded as null; (3) In the
dead water zone, the concentration of the pollutant would gradually increase with time, i.e., the water
quality would become increasingly worse over time unless a sufficient quantity of aquatic plants is
implanted therein. Hence, to reduce the concentration of pollutants and improve the water quality in
lakes, the dead water zone should be eliminated.

2.3. Hydrological Calculations of Diversion Discharge

The flow velocity in Beili Lake is very low, such that the lake is almost a stagnant water body. Under
such flow conditions, the turbidity in Beili Lake cannot decrease if there is no diversion. The suspension
and transport of bottom mud in Beili Lake are mainly due to wind and current. When the maximum
orbital velocity (Upy,y) of water particles from wave motion is higher than the threshold velocity (U,) of
the bottom sediments, the bottom sediments will be suspended. However, the orbital velocity (U}) can
only suspend sediments vertically. The velocities of Stokes drift (L;) and wind driven current (U,) cause
sediment transport. Thus, the required amount of diverted water can be calculated as follows.

When no sediment is coming in, the movement of bottom sediment in the lake is in equilibrium,
meaning that the amounts of suspended and settled sediments in a unit time are equal. Thus, the sediment
transport rate per unit width (gs) is

_ Ky 157 U Vin
qs = C(z) 7577(ubmax UC) qw ’ 3)
where Co = C/,/g, C is the Chezy’s coefficient, K, is the sediment transport coefficient,

Kp = (0.12~0.18)d23% [43], 7y is the specific weight of sediments, <y is the specific weight of water,
Vi is the resultant velocity of the velocities of Stokes drift and wind driven current, and w is the
sediment settling velocity.

The orbital velocity of particles due to wave motion averaged over half a period can be
calculated using [44]

2H
Uo =

h 1.692 1
1+4.2 — _ 4
+ 63<L> ]sinhthr @

and U,y = 1.57Up, (5)

where H is the wave height, T is the wave period, L is the wave length, and h is the water depth.
The Stokes drift velocity (the wave velocity of mass transfer) averaged over a wave period is
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2p2c 1+ 57.04 (%)221
e 212 sinhz(ﬁ)

where ¢ is the wave speed. According to technological specification of harbor engineering [45], the velocity
of wind driven current is

(6)

Uy = 0.03Vy, (7)
where V, is the wind speed. Thus, the resultant velocity V, is

When the median grain size (d5g) of sediments is less than 0.03 mm, the fine sediments are
flocculated, with the settling velocity of flocculating sediments [46] calculated using

w = 0.097d%8. )

According to the method proposed by Teng et al. [47], the wave elements of wind waves can be
calculated as

0.41

gH gF

S __— =0.0047| <= , 10

V2 (v2> {10

0.58
gT gH

d & = 14. e 11

and 7 55< v%) ' D

where F is the fetch length.

The area of Beili Lake is 0.27 km?2; the average water depth is 2.2 m; and, generally, the total
water storage is 4.9 x 10* m®. Based on the results of sampling and grain analysis, the median grain
size of the bottom mud in Beili Lake is 0.003 mm. The annual average wind velocity is 1.3-2.4 m/s,
and the constant wind velocity is chosen as 2.25 m/s, which is the maximum value of the monthly
averaged velocity. Therefore, based on Equations (3)-(11), it can be calculated that about 186.36 kg
sediments could be suspended from the bottom of Beili Lake every day. The amount of diverted water
and drained water should be the same. Meanwhile, the drained water should meet the water quality
requirement for turbidity (5 NTU) and remove the suspended sediments. Thus, the amount of clean
water diverted to Beili Lake in one day needs to be at least

m m 186.36

5 T 2064 %1073 x (T —0223) _ 2064 x 103 x (5 0223) ~ rooorm, - (12)

Q=

where Q is the volume of water; m is the mass of water; T is the turbidity of the water; and s is the
sediment concentration, s = 2.064 x 1073 x (T — 0.223) [48].

2.4. Data Collection and Measurement

The historical data (2006-2010), including the water level, flow condition, and concentrations
of total nitrogen (TN), total phosphorus (TP) and chlorophyll a, were provided by the Hangzhou
Municipal Xihu Lake Administration Office. Two field observations of flow field, water depth, turbidity,
and the concentrations of TP and chlorophyll a in Beili Lake were conducted after the implementation
of the project. As shown in Figure 3, the measurements were carried out at 47 different locations in Beili
Lake. At each location, the flow velocity and chlorophyll a concentration at two different depths (0.1 m
and 1 m below the water surface) were measured. An ADV (Acoustic Doppler Velocimetry) Flow
Tracker and a five-meter measuring rod were used for flow velocity and water depth measurements,
along with a PCH-800 Chlorophyll Analyzer for chlorophyll a measurements. The principle of PCH-800
Chlorophyll Analyzer is using the characteristics that chlorophyll a has absorption peaks and emission
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peaks in the spectrum. The monochromatic light of specific wavelength is emitted into the water.
Then, chlorophyll a in the water absorbs the energy of this light, and releases another monochromatic
light of emission peak of another wavelength. The intensity of the light emitted by chlorophyll a
is proportional to the content of chlorophyll a in water. The water 0.1 m and 1 m below the water
surface was collected via syringe and preserved in numbered glass sample bottles. The turbidity
and TP were measured in the laboratory using a WGZ-200 Ratio Turbidimeter and a LH-TP2M
Portable TP Analyzer, respectively. The core method of the LH-TP2M Portable TP Analyzer is the
spectrophotometric molybdenum blue method. It involves the formation of molybdophosphoric acid
from orthophosphate and an excess of molybdate in acidic solution followed by reduction to give
molybdenum blue. Using the photoelectron colorimetric detection method, the absorbance of thus
produced molybdenum blue is measured spectrophotometrically at a certain wave length that gives
maximum absorbance. The intensity of the blue color is proportional to the amount of phosphate in
water. To check the actual amount and water quality of the diverted water, the discharge and turbidity
at the water inlet were also measured. In the front edge of the water inlet, the area of cross section
was measured and three measuring verticals were determined for velocity measurement. Six levels on
each vertical line were used for velocity and turbidity measurements.

Meteorological observation data for Xihu Lake was provided from the China Meteorological Data
Sharing Service System (http://cdc.cma.gov.cn/home.do) and included daily atmospheric pressure,
temperature, cloud cover, wind speed, and wind direction.

Google ?arth

Figure 3. Locations of the field observations.

3. Results and Discussion

3.1. Demonstrative Project in Beili Lake

Considering the differences in water temperature and wind-current conditions among different
seasons and the limitations of theoretical calculation, the required amount of diverted clean water
was determined to be 2 x 10* m3/ day. The diversion water was taken from Xili Lake, as its water
quality is almost as good as the purified water from the Qiantang River and its water quantity is
abundant. The average water exchange period should be at least 24.5 days, as the total storage of Beili
Lake is 4.9 x 10° m>. Then, through optimization of selective schemes, such as two different water
sources, eight different pumping station layouts, seven different pipeline network layouts, and four
different water distribution layouts, the final diversion and distribution scheme was determined and
confirmed by the related departments of the Hangzhou municipal government. The water diversion
and distribution project for improving the water quality of Beili Lake started on 8 February 2012.
Owing to constrains on construction, most of the construction had to be carried out at night, and finally
was completed after three months. A centrifugal pump was installed to pump water from Xili Lake
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to Beili Lake through pipelines that were buried in the lakebed. The locations of the water inlets and
outlets and the Beili Lake water distribution network layout are shown in Figure 4.

L\ Main Lake
i

= H Pump Station
Xili Lake

Figure 4. Layout of diversion and water distribution for Beili Lake.

%}()Meters

The total construction included one inlet with a debris screen (Figure 5), one pump operation
control station, one submersible pump station, one water gate, 1630 m of underwater buried pipeline,
and four water distribution outlets (Figure 4). The locations and discharges of the four water
distribution outlets were decided as: Location #1 (30°15'6.89” N, 120°8'20.54” E) with flow discharge
of 0.08 m3/s, Location #2 (30°15'17.23” N, 120°8'33.37” E) with flow discharge of 0.04 m?3/s, Location
#3 (30°15'14.36” N, 120°8'43.02” E) with flow discharge of 0.04 m3/s, and Location #4 (30°1513.19”
N, 120°8'48.89” E) with flow discharge of 0.072 m?/s. The underwater steel pipes had diameters of
200, 250, 300, 350, 400, and 450 mm, corresponding to lengths of 70, 155, 230, 140, 460, and 575 m,
respectively, for a total of 1630 m of installed pipeline. A submersible centrifugal pump model with a
flow rate of 730 m3/h, water head of 14 m, and motor power of 37 kW was used.

On 15 May 2012, the demonstration project began its pilot run. It has been running well so far.
Every day, 20,000 tons of water from Xili Lake has been transported to different water distribution
locations in Beili Lake through the submersible pump and pipeline.

Figure 5. Inlet of the pump station.
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3.2. Field Observations after the Implementation of the Project

To assess the effect of the water diversion and distribution project on the water quality of Beili
Lake after the project implementation, two field observations were carried out, one on 22-23 July 2012,
and one on 10-11 September 2012. The results are listed in Table 3. At the water inlet, the total diversion
discharge was nine percent more than the design value. This might be because the actual pipeline
length was six percent shorter than the designed one. Because of the heavy rainfall before the second
observation, the turbidity at the water inlet for the second observation was higher than that for the
first observation.

Table 3. Data for the two field observations.

Date Water Inlet Beili Lake
Average Diversion Average Average Average Maximum  Average Average
Velocity Discharge  Turbidity Velocity Turbidity = Turbidity TP Chlorophyll
(m/s) (m®/s) (NTU) (m/s) (NTU) (NTU) (mg/L) a (mg/L)
22-23 July 2012 11 . .0051 13. .032 .01
3 July 20 0.119 0.246 6.80 0.005 3.3 201 0.03 0.015
Standard deviation 0.009 1.26 0.0028 222 0.0053 0.0025
10-11 September 2012 0.122 0.252 7.84 0.0053 12.8 161 0.030 0.013
Standard deviation 0.007 0.99 0.0025 141 0.0033 0.0014

The weather conditions before and during the field observations not only affected the observation
activities, but also influenced the turbidity values in the lake. Strong winds and heavy storms prior to
the observations increased the turbidity in the lake for a short period. Thus, the two field observations
were all carried out when the wind was low or slight. As shown in Table 4, the gentle breeze lasted for
three consecutive sunny days before the first observation. However, rainfall occurred and the wind
was relatively strong before the second observation.

Table 4. Weather condition before and during the field observations.

Date Weather Temperature Wind Direction  Beaufort Scale

19 July 2012 cloudy and sunny 27-32°C Eastern 34

20 July 2012 cloudy and sunny 26-36 °C null 2-3

21 July 2012 cloudy and sunny 26-36 °C null 2-3

22 July 2012 (Obs.) cloudy and sunny 27-36 °C East-South 34

23 July 2012 (Obs.) sunny and cloudy 27-34°C East-South 34

7 September 2012 shower to cloudy 23-29 °C East 6-7

8 September 2012 cloudy to shower 24-31°C East-North 5-6

9 September 2012 moderate rain to shower 23-28°C East-South 4-5

10 September 2012 (Obs.) cloudy 22-26 °C East-North 3-4
11 September 2012 (Obs.) cloudy 23-30°C Eastern 34

3.3. Flow Field Improvement and Velocity Increment

Before implementation of the project, Beili Lake was almost a pond of stagnant water as shown
in Figure 6. Its cross-sectional width is about 350 m with average water depth and average velocity
of 2.25 m and 0.0001 m/s, respectively. About 28% of the lake area was regarded as stagnant. It was
estimated that it took 68 days for a water exchange cycle to occur. After implementation of the
project, as shown in Figure 7, the measured average flow velocity increased to 0.005 m/s, which was
approximately 50 times higher than before implementation. The results of the two field observations
showed that the flow velocity over the entire lake significantly increased and most of the dead zones
had been removed. The water exchange cycle after the diversion and distribution project was 22.5 days,
which was two days shorter than the designed water exchange cycle. Thus, the flow field was favorably
constructed to facilitate water quality improvement.
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Figure 6. Flow field of Beili Lake prior to the water diversion and distribution project (20 September 2010,
provided by the Hangzhou Municipal Xihu Lake Administration Office).
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Figure 7. Flow field of Beili Lake after the water diversion and distribution project (10 September 2012).

3.4. Transparency Improvement

Before the implementation of the project, the average turbidity of the one-meter surface water
was 14.6 NTU and the maximum turbidity was 27.5 NTU at the water surface. Two months after the
implementation of the water diversion and distribution project, the measured average turbidity in
the top one-meter layer was 13.3 NTU, which was 8.8% lower than that before implementation of the
project. Four months after the implementation of the project, the measured average turbidity of the
top one-meter water layer of Beili Lake was 12.8 NTU, which was 12.4% lower than that before the
project implementation. The maximum turbidity at water surface was reduced from the original value
of 27.5 NTU to 20.1 NTU (27%) after two months of diversion, and further reduced to 16.1 NTU (41%)
after four months of diversion. It should be noted that rainfall occurred before the second observation
so that the turbidity of water might be temporally increased by the strong wind. Therefore, the actual
turbidity was likely reduced by more than 12.4% because of the diversion. The water turbidity has been
gradually decreased, and the transparency has been continuously and obviously improved, because of
the implementation of the project.



Water 2018, 10, 333 110f15

3.5. Pollutants Reduction

Figure 8 shows the annual average (2006-2010) TN, TP, and chlorophyll a concentrations in
different regions of Xihu Lake before the implementation of the project. As shown in Figure 8a, the TN
concentration in all those regions changed lightly from 2006 to 2010. In Beili Lake, the TN concentration
was always lower compared to those in Yue Lake and Xili Lake. Although the TP and chlorophyll
a concentrations in Beili Lake decreased during the water transfers, especially from 2006 to 2008,
this decline has nearly stopped since 2009. In 2010, the average TP concentration in Beili Lake was
about 0.047 mg/L, which was still about 50% and 104% higher than that in Yue Lake and Xili Lake,
respectively. Moreover, associated with the poor water mobility in Beili Lake, the chlorophyll a
concentration (0.33 mg/L) in Beili Lake was about three times and five times higher than that in Yue
Lake and Xili Lake, respectively. Thus, the TP and chlorophyll a concentrations in Beili Lake have the
potential to be reduced through rationally redistributing the water in the system.

(a) 3.01
25
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0.0
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Figure 8. (a) Total nitrogen (TN), (b) Total phosphorus (TP), and (c) chlorophyll concentrations in the
lakes from 2006 to 2010.

After the implementation of the project, the TP and chlorophyll a concentrations in Beili Lake
dramatically decreased. With the dilution by the clean water diverted from Xili Lake, the TP
concentration in Beili Lake was reduced by 32% after two months of diversion and 55% after
four months of diversion. Meanwhile, the chlorophyll a concentration in Beili Lake decreased by
55% after two months of diversion and 61% after four months of diversion. In addition, as shown
in Figure 9, the monthly continuous monitoring data provided by the Hangzhou Municipal Xihu
Lake Administration Office clearly shows that the concentrations of TP, and chlorophyll a in Beili
Lake had a downward trend after the diversion. In the first month after the implementation of
the project, the concentrations of TP and chlorophyll a rapidly decreased. On average, the TP
concentration decreased about 0.00038 mg/L per day and the chlorophyll a concentration decreased
about 0.00044 mg/L per day. In the second month, the rate of descent of the TP and chlorophyll a
concentrations decreased to 0.00011 mg/L per day and 0.00029 mg/L per day, respectively. The rate of
descent gradually decreased with time as the concentrations of TP and chlorophyll a in Beili Lake got
closer to those in Xili Lake, which is the water source of the diversion. After four months of diversion,
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the TP and chlorophyll a concentrations tended to stabilize, reaching 0.03 mg/L and 0.013 mg/L,
respectively. The water quality has greatly improved (Class V, almost Class III).
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Figure 9. Downward trend of TP and chlorophyll a in Beili Lake after the diversion.

4. Conclusions

In this study, the water diversion and distribution project in Beili Lake, a part of Xihu Lake,
was introduced, and the flow field and turbidity of Beili Lake before and after the implementation of
the water diversion and distribution project were investigated.

The concentration of the pollutants is highly related to the diffusion and advection of flow.
Thus, to remove local pollutants, dead water zones in the lakes have to be eliminated. The Beili Lake
water quality improvement project demonstrates that water diversion and proper distribution from
Xili Lake, which has better water quality, can effectively replace the turbid water and increase the
water transparency. For this small-scale diversion, the project was composed of an inlet with a debris
screen, a submersible pump, pipelines, and four water distribution outlets with specified flow direction.
With the implementation of this project, the flow velocity in Beili Lake significantly increased as the
average velocity over the dead water zones increased approximately 50 times over that of prior to the
project. The water exchange rate was increased as the average water exchange period reduced from
68 days to 22.5 days. The diversion and distribution has reconstructed an ideal flow field, which is
conducive to improving the water quality of Beili Lake. The water transparency has increased and the
water turbidity has decreased visibly and continues to decline. Moreover, the TP and chlorophyll a
concentrations have obviously decreased after four months of diversion. The water quality in Beili
Lake has greatly improved. The results offer useful information for understanding the efficiency of
water diversion and distribution in improving the water quality of shallow lakes, and thus can give
guidance to practical engineering for such systems.
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