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• Landscape water quality closely related
to water transparency (SD).

• 8 parameters were identified according
to theoretical SD relation.

• A water quality index for urban land-
scape lake (WQIULL) was worked out.

• WQIULL value much depends on
replenishing water source and amount.

• Calculated WQIULL correlates well with
measured SD for 166 urban lakes in
China.
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Assessment of the aesthetic and recreational value of urban landscape lakes (ULLs) is often required but there has
not been a water quality index specifically applicable for such a purpose. Under a consideration that water trans-
parency in terms of Secchi Depth (SD), to a large extent, determines the landscape effect, a study was conducted
to identify the major parameters that strongly influence SD and to develop a novel water quality index. By the-
oretical analyses, it was found that SD ismainly influenced by the contents of chlorophyll a, inorganic suspended
solids and organic detritus in water, which collectively relate to eight independent water quality, hydraulic, and
environmental parameters, including SS, DO, COD, NH4

+-N, NO3
−-N, TP, HRT, andwater temperature T. A compos-

ite indexwas then proposed in the form ofWQIULL=∏i=1
n qi

wi (n=8). Using the data offield survey of 166ULLs in
China, the cumulative probability distribution curve of each sub-index qi was characterized. Sensitive analysis
was conducted for the determination of the sub-indexweight (wi) for each qi under the consideration of two typ-
ical scenarios of ULL replenishment by stream water (traditional source) and reclaimed water (alternative
source) regarding the variation of parameter on SD. With allwi (i=1 to 8) thus determined, WQIULL was calcu-
lated for each of the ULLs surveyed. All the calculated values of WQIULL showed a good correlative relationship
with the SD values practically measured (R2 = 0.8948), indicating that the novel water quality index developed
could effectively indicate the satisfactory degree of the lakewater quality in terms ofwater landscape. Further by
ture and Technology, No. 13, Yanta Road, Xi'an, China.
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comparing the dimensionless WQIULL (ranging between 0 and 100) with the practically acceptable SD based on
experiences in China, the method for classification of ULLs by WQIULL calculation was formulated.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Urban landscape lakes (ULLs) are popular worldwide due to their
aesthetic and recreational values. They are very often man-made eco-
systems resulted from the excavation activities or the enlargement of
smaller water bodies in urban areas. Moreover, ULLs are very different
from other lakes: they are small in surface area, shallow in depth, and
highly artificial yet more people come into contact with them than
rural and natural lakes (Birch and McCaskie, 1999). Having good
water quality is essential for ULLs, as the requirements and preferences
of the public. However, quantify the state of ULL water quality is a chal-
lenge due to the large choice of possible water quality parameters used
to describe it. Moreover, insufficient funding, particularly in developing
countries, is one of the most common constraints towards long-term
monitoring all water quality parameters as it is laborious and expensive.
Therefore, how to evaluate the water quality status of ULLs simply and
effectively becomes an issue drawing wide attention.

Traditional water quality assessments are based on the compari-
son of the water quality parameters of the lakes to existing water en-
vironment standards and/or criteria for various water bodies. The
simplest index widely used in China is the single factor index. None-
theless, such assessment may not provide an accurate estimate of the
water quality of ULLs (Chang et al., 2019). Thus, a number of water
quality parameters need to be systematically evaluated to obtain a
rational depiction of the water quality status. A water quality index
(WQI) combines the measures of several water quality parameters
to produce a single dimensionless number, and has been widely
used in the past as one of the most effective approaches to communi-
cate information on water quality to the public and policy makers
(Sutadian et al., 2016; Tripathi and Singal, 2019). Most WQIs have
been used for general assessment of water quality (Sutadian et al.,
2018; Tian et al., 2019), whereas some WQIs have targeted specific
uses, such as the suitability assessment of the drinking water supply
(Dippong et al., 2019; Mukate et al., 2019) as well as irrigation
(Misaghi et al., 2017) and recreational uses (Azevedo Lopes et al.,
2016). WQIs usually consider general water parameters, such as dis-
solved oxygen, pH, temperature, turbidity, and nutrients, among
others. However, no single WQI has been globally accepted. Regard-
ing the applicability of suchWQIs to ULLs, these indices had been de-
veloped based on the information on other specific regions and areas
and without considering the specific characteristics of ULLs.

ULLs as water-front enjoyment areas can provide primary contact
recreational activities including swimming, and wading where the
human body may come in direct contact with raw water, and second
contact recreation activities including fishing, boating, and wandering
where contact with the water is minimal (Smith et al., 2015). It is well
known that, perception of water landscape can significantly influence
the aesthetic and recreational value of these ULLs (Smith and Davies-
Colley, 1992). The perception of water landscape depends on visual fac-
tors such as the physical appearance of the ULL including water trans-
parency, water color, and turbidity (Liu et al., 2013). The water
transparency is commonly estimated based on Secchi depth (SD),
which is closely related to water landscapes, as the publics often re-
spond to SD when deciding whether a water body is suitable for recre-
ation (Lee and Lee, 2015; Smith et al., 2015). The relationship between
public assessment of water quality and SD was positive and strong,
with SD having predictive power of 74.2% (Lee, 2016). Hence, SD as an
indicator of landscape effect is easily understood, and many non-
scientists believe that a high SD is indicative of high water quality. For
the limnologist, the SD is related to trophic states (Brezonik et al.,
2019). Therefore, SD is required to bridge ULL water quality communi-
cation gaps between scientists and the public.

As most ULLs have small direct catchment, water replenishment is
essential to maintain ecological water level and promote the renewal
of water body. However, with the growing imbalance between urban
water supply and demand, the traditional available sources of stream
water and groundwater for the supplementation of ULLs have gradually
declined. In such cases, development of alternative sources are becom-
ing increasingly important, such as by reclaimed water use or
implementing rainwater harvesting and supply systems (Ao et al.,
2018). The reclaimed water from wastewater treatment plants
(WWTPs) has been widely applied in ULL water replenishment due to
its stability and controllability. Nevertheless, the distinct qualities of
reclaimed water and stream water contribute to different effects on
the water quality of ULLs replenished with these two types of water
sources. To the best of our knowledge, no WQI in the literature has
been constructed taking into account water transparency and replen-
ishment water sources of the ULLs.

In this context, we propose a new water quality index for ULLs
(WQIULL) considering the linkage between water transparency and
other water quality parameters for assessing water quality for the pur-
pose of water-front enjoyment. Based on the theoretical calculation of
the SD, we propose a core set of parameters for use in the WQIULL. The
sub-index values are obtained from quality curves depended on cumu-
lative probability distributions. The subsequent determination of
weights take into account the replenishment water sources of ULLs
using sensitivity analysis, by exploring the importance of selected pa-
rameters to the water transparency. Finally, the relationship between
the calculated WQIULL values using field survey data of 166 ULLs and
the measured SD values is explored, in order to verify the applicability
of the relatively simple index of WQIULL.

2. Material and methods

2.1. Data source

A field surveywas conducted in summer 2016 for 166 ULLs covering
a large area (22.55°N ~ 45.79°N, 98.28°E ~ 126.66°E) in China (Fig. 1).
These monitored ULLs were selected based on their wide geographical
range and morphological characteristics, diverse replenishment water
sources, and prevailing water quality conditions. The surface area
(A) of these ULLs ranges from 0.2 to 764 ha, and three classes were de-
fined: small (A ≤ 5 ha), medium (5 ha b A ≤ 35 ha), and large lakes
(A N 35 ha), accounting for 24.7%, 48.2%, and 27.1%, respectively. The av-
erage water depth ranges from 0.5 to 12 m. The majority (N90%) are
shallow lakes with an average depth of b5 m. These ULLs are regularly
replenished by either traditional water resources (groundwater or
stream water) (61.4%) or alternative water resources (reclaimed
water or rainwater) (38.6%). The data on the operation and manage-
ment of the ULLs, including replenishment water source, frequency,
and amount, were provided by local authorities and/or managerial
offices.

In the field survey, on-site sampling andwater quality analysis were
conducted regarding water temperature (T), dissolved oxygen (DO),
suspended solids (SS), chemical oxygen demand (CODMn), ammonia
(NH4

+-N), nitrate (NO3
−-N), and total phosphorous (TP) using portable

meters (for T, DO, and SS) and by Pack Test (for CODMn, NH4
+-N, NO3

−-
N, and TP using Kyoritsu Chemical-Check Lab. Corp., Japan). For each
ULL, sampleswere collected in three consecutive days at 4 or 5 locations
almost evenly covering the lake surface, and from a depth 0.5 ± 0.2 m
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depending on site condition. The average hydraulic retention time
(HRT) for each ULL was also evaluated according to its replenishing
condition.

2.2. Methodological framework

The WQIULL was developed following a four-step framework
(Tripathi and Singal, 2019) including the selection of parameters,
obtaining sub-index values, establishing weights, and aggregation of
sub-indices (Fig. 2).

Since the WQIULL created in the present study was adapted to ULLs,
the parameters were designed to reflect the characteristics of ULLs.
The water transparency in terms of SD, closely related to water land-
scape, acted as the basis for the development of WQIULL. By analyzing
the related processes of the SD theory, appropriate and representative
parameters of landscapewater quality were selected. After the parame-
ter selection, normalization was performed for the sub-index values,
and the sub-index functionswere created by the cumulative probability
distribution curves of the selected parameters based on the field survey
data from 166 widely distributed ULLs. Subsequently, weights were
assigned to the selected parameters according to their relative impor-
tance and their influence on the final index. Taking into account the ad-
vantages, such as easy to perform and straightforward to interpret,
Step 1
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Based on theoretical 
calculation of SD 

Based on cumulative 
probability distribution curves

Step 2
Obtaining sub-index values

Step 3
Establishing weights

Based on sensitivity analysis
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w
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Fig. 2. Methodological framework for WQIULL development.
along with its successful application (Wan et al., 2012), the sensitivity
analysis is found to be more appropriate for identifying the parameter
weights in this study. The calculation of the SD was used to explore
the sensitivity of each parameter to SD, and then the weights were ob-
tained on the basis of the sensitivity coefficient of each parameter. Fi-
nally, an aggregation of the sub-indices was performed to obtain the
final index value of WQIULL. Numerous aggregation methods are avail-
able in this step, such as the arithmetic, geometric, and harmonic square
mean and the minimum operator (Sutadian et al., 2016). In this study,
the weighted geometric mean was used to produce the final index
due to its simplicity and extensive use. The final index is calculated
using the following equation:

WQIULL ¼
Yn
i¼1

qi
wi ð1Þ

where WQIULL is the water quality index for the ULLs; the index ranges
from 0, representing the worst quality, to 100, representing the best
quality; qi is the i-th sub-index ranging from0 to 100; n is number of pa-
rameters; wi is the weight for the i-th parameter, ranging from 0 (least
effect) to 1 (highest effect) and with ∑1

nwi = 1.

2.3. Parameter selection

Parameter selection is based on a consideration that water transpar-
ency in terms of Secchi Depth (SD) much reflects the aesthetic and rec-
reational value of landscapewater. In principle SD is an apparent optical
property (AOP) which depends on the geometry of the ambient light
field (Effler et al., 2017). AOP is influenced by the light attenuation pro-
cesses of scattering and absorption governed by the inherent optical
properties (Preisendorfer, 1986)which are determined by the composi-
tion and concentrations of several optically active constituents (West
et al., 2016). According to Tyler (1968) and Preisendorfer (1986), SD
can be theoretically calculated as:

SD ¼ γ= c λð Þ þ Kd½ � ð2Þ

c λð Þ ¼ a λð Þ þ b λð Þ ð3Þ
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where, SD is the water transparency (m); γ is the function of the con-
trast threshold of the human eye; λ is the wavelength (nm); c(λ) and
Kd are the depth-averaged beam and downwelling irradiance atten-
uation coefficients, respectively (m−1); a(λ) and b(λ) are the total
absorption and scattering coefficients of the water body, respectively
(m−1).

The optically active constituents that affect SD mainly include inor-
ganic suspended particles and organic particulates such as phytoplank-
ton and organic detritus (Håkanson and Boulion, 2003; Liu et al., 2013;
Tilzer, 1988). In the authors' previous study (Ao et al., 2018), the follow-
ing equationswere proposed for showing the relationships between the
light absorption/scattering coefficients and these optically active con-
stituents.

a λð Þ ¼ aw λð Þ þ aφ λð Þ∙ Chla½ � þ ap−φ λð Þ∙ ISS½ � þ a�p−φ λð Þ∙ DC½ � ð4Þ

b λð Þ ¼ bw λð Þ þ bφ λð Þ∙ Chla½ � þ bp−φ λð Þ∙ ISS½ � þ b�
p−φ λð Þ∙ DC½ � ð5Þ

where aw(λ) and bw(λ) are the absorption and scattering of pure
water (m−1), aφ(λ) and bφ(λ) are the chlorophyll-specific absorp-
tion and scattering coefficients (m2/mg Chla), ap-φ(λ) and bp-φ(λ)
are the absorption and scattering coefficients of inorganic suspended
solids (m2/g ISS); ap-φ⁎(λ) and bp-φ⁎(λ) are the absorption and scatter-
ing coefficients of detritus carbon (m2/g DC), respectively; [Chla],
[ISS], and [DC] represent phytoplankton biomass, inorganic
suspended solids, and organic detritus, respectively, which mea-
sured as the concentrations of Chla (μg/L), ISS (mg/L), and DC
(mg/L), respectively.

Based on the relationship of SDwith the substances existing inwater
as shown by Eq. (2) to Eq. (5), the parameters are to be selected from
those closely related to the occurrence of Chla, ISS, and DC in water.

2.4. Parameter normalization

Normalization of the parameters is necessary before calculating the
WQIULL because the parameters aremeasured in different units. Thresh-
old method was used to the normalization as follows:

Xi ¼ xi
xi0

ð6Þ

where Xi is the normalized value of the i-th parameter; xi is the mea-
sured value of the i-th parameter; xi0 is the desired limit of the i-th
parameter.

2.5. Sensitivity analysis

To obtain the weights for each parameter, one-at-a-time (OAT) sen-
sitivity analysis was performed based on the theoretical calculation of
the SD. As replenishment water sources have varied performances at
different nutrition levels with varying effects on the SD, OAT sensitivity
analysis was carried out considering different types of replenishment
water sources. The ULLs were regularly replenished by stream water
and groundwater as traditional sources; and rainwater (associated
with rainwater harvesting, storage and supply facilities) and reclaimed
water (from wastewater treatment systems) as alternative sources.
Stream water was widely used traditional source, whereas reclaimed
water was popularized alternative source. To this end, the sensitivity
analysis considered under two scenarios (scenario 1 refers to the re-
plenishment water sourcing from stream water, and scenario 2 refers
to the replenishment water sourcing from reclaimed water) for explor-
ing the potential influences of the parameters on the SD output. The pa-
rameter sensitivity is evaluated by sequentially perturbing one
parameter at a time while the other parameters remain at the
predefined base value (McKenzie et al., 2019). This process was per-
formed using the MIKE software by embedding Eqs. (2)–(5) in the
ECO Lab model (DHI, 2013). The sensitivity coefficient is defined as fol-
lows:

βi ¼ λy=λx
�� �� ¼ Δyi=y0

Δxi=x0

����
���� ð7Þ

where,βi is the sensitivity coefficient of the i-th parameter; λy is the var-
iation rate of the SD affected by the i-th parameter; λx is the variation
rate of the i-th parameter; Δyi is the variation amplitude of the SD; Δxi
is the variation amplitude of the i-th parameter; y0 is the baseline of
the SD; x0 is the baseline of the i-th parameter.

Theweightwi of the i-th parameter, whichwas a number between 0
and 1, was calculated using Eq. (8) based on the sensitivity coefficient:

wi ¼ βi=∑
n
i¼1βi ð8Þ

where wi is the weight coefficient of the i-th parameter; βi is the sensi-
tivity coefficient of the i-th parameter; n is the number of selected
parameters.

2.6. Data analysis

The data analysis was performed using the IBM SPSS Statistics 22.0
software (SPSS). The Shapiro-Wilk test was used as a normality test of
the water quality data after log10-transformation. Subsequently, the cu-
mulative probability distributions and fitted distributions were ob-
tained based on the ranking of the transformed data, as listed in a
frequency table. Pearson's correlations were used to identify the corre-
lations between the two distribution curves. The relationship between
the calculated WQIULL and measured SD based on the field data of 166
ULLs was determined to ensure the applicability of the results and the
ability to drawn inferences from the index. Regression analysis was
used to assess the relationship. The coefficient of determination (R2)
was calculated and served as a measure of accuracy and comparison
of the indices (Tomas et al., 2017). The correlationswere considered sta-
tistically significant at the 95% level (p b 0.05).

3. Results and discussion

3.1. Selected parameters

The occurrence of Chla, ISS, and DC inwater is closely related to a se-
ries of biological and hydraulic processes as shown in Fig. 3.

The generation of Chla is through a photosynthetic process resulting
in phytoplankton growth. This process mainly depends on sunlight ra-
diation and consumption of nutrients, namely nitrogen and phospho-
rus. The nitrogen utilizable for phytoplankton growth can be in the
form of ammonia or nitrate (Brezonik and Arnold, 2011). As a
bioprocess, dissolved oxygen (DO) is also a determinative factor. There-
fore, it can usually be supposed that under normal conditions NH4

+-N,
NO3

−-N, and TP (majorly in the formof PO4
3−) are themainwater quality

parameters related to Chla.
Regarding ISS, its main source is the suspended solids (SS) flowing

into the water, and certain solid particles swept from the bottom sedi-
ments due to hydraulic disturbance (Madsen et al., 2001). Except for ex-
treme conditions such as strong wind and heavy storm, the hydraulic
retention time (HRT) can be taken as a parameter to characterize the
hydraulic condition of a waterbody.

As for DC, its generation also relates to a complicated biological pro-
cess involving the interaction between phytoplankton and zooplankton
in water (Larson et al., 2007; Peng, 2010) and also the hydraulic distur-
bance that results in certain DC suspension from the bottom layer. As
any increase of DC may ultimately result in an increase of organic con-
centration in terms of COD or BOD, under ordinary conditions it is rea-
sonable to use COD or BOD as an alternative of DC for this study. For



Inorganic
Suspended

Solids

Flux in Flux out

(Settling)

(Suspension)

Bottom layer

ISSISS

Inorganic SS [ISS]

Phytoplankton
Life

cycle

Sunlight

Nutrients

(Photo-

synthesis)

(Metabolism) (Predation)

Zooplankton
Organic
Detritus

(DC)

Chlorophyll a [Chl a]

Phytoplankton Zooplankton

(Predation)

Detritus Carbon

(Minera

-lization)

(Settling) (Suspension)

Bottom layer

(Death)(Death)

Detritus Carbon [DC]

DCDC

Fig. 3. Related biological and hydraulic processes to water transparency.

5N. Chang et al. / Science of the Total Environment 735 (2020) 139351
all the processes discussed above, water temperature (T) is an impor-
tant factor to consider.

Based on the discussions above, it can be considered that the water
transparency SD, although measurable by optical observation, is in fact
a function of a number of independent variables such as NH4

+-N, NO3
−-

N, TP, DO, SS, COD, HRT, and T. Any variation in these parameters may
bring about a change in SD because of the possibly varied concentra-
tions of organic and inorganic particles, in terms of Chla, ISS, and DC,
which absorb and/or scatter light.

3.2. Corresponding sub-indices

Prior to the computation of the sub-indices, normalization of the pa-
rameters was performed using Eq. (6). The desired limit for each of the
selected parameterswas defined basically following the Chinese Surface
Water Quality Standard (GB3838-2002). For those not specified in the
standard, relevant literatures were referred (Table 1).

Then sub-index functions were created to determine the quality of
the selected parameters (qi) based on the cumulative distribution func-
tions. The data of field survey of 166 ULLs were used for characterizing
the cumulative distributions, as shown in Fig. 4; the x-axis represents
the normalized expected range of the determined values (Xi) in the
ULLs, and the y-axis represents the probability of the corresponding
Xi; the range is from 0 to 1. The Shapiro-Wilk test showed that Xi had
a lognormal distribution (p N 0.05). The probability density function of
Xi is expressed in Eq. (9).

f Xið Þ ¼ 1
σ iXi

ffiffiffiffiffiffi
2π

p exp −
lnXi−μ ið Þ
2σ2

i

" #
XiN0ð Þ ð9Þ

The cumulative distribution function is obtained using an integral
transformation, as defined in Eq. (10).

F Xið Þ ¼ φ
lnXi−μ i

σ i

� �
¼

Z Xi

0

1
σ iXi

ffiffiffiffiffiffi
2π

p exp −
lnXi−μ ið Þ2
2σ2

i

" #
dXi ð10Þ
Table 1
Descriptive statistics of desired limits.

Parameter SS
(mg/L)

DO
(mg/L)

CODMn
1

(mg/L)
NH4

+-N
(mg/L)

NO3
−-N

(mg/L)
TP
(mg/L)

HRT
(d)

T
(°C)

Desired limit 1a DOs
b 2c 0.15c 0.15c 0.01c 3d 12e

1 CODMn replaced COD because its availability from data source.
a Value from Abdul azis et al. (2018).
b DOs is the saturation value of dissolved oxygen.
c Values from Grade I in Chinese Surface Water Quality Standard (GB3838-2002).
d Value from Qin et al. (2013).
e Value from Štambuk-Giljanović (1999).
where, f(Xi) is the probability density function of Xi; F(Xi) is the cumula-
tive probability of Xi, in the range of 0–1; Xi is the normalized value of
the i-th parameter; μi is the sample mean of the i-th parameter; σi is
the sample standard deviation of the i-th parameter; μi and σi corre-
sponding to the parameters, as displayed in Fig. 4.

Eq. (10) is used to obtain the qi values of each parameter. For DO and
T, the qi had an inflection point. The DOs for DOwas considered as the qi
value of 100, i.e., the inflection pointwas XDO=1. If XDO b 1, the value of
qDO increased with an increase in the DO value, whereas, if XDO N 1, the
value of qDO decreased with an increase in the DO value. Therefore,
Eq. (11) was used to generate the sub-index of DO. For T, the inflection
point was 12 °C according to the rating curves of T from the Scottish De-
velopment Department and the Institute of Public Health Split
(Štambuk-Giljanović, 1999). For T ≤ 12 °C, qT = 100, and for T N 12 °C,
the value of qT decreased with an increase in the T value. Consequently,
the sub-index of T was computed using Eq. (12). Except for DO and T,
the other six parameters had decreasing levels of water quality with
an increase in the parameter values. Therefore, their sub-indices were
computed using Eq. (13).

qDO ¼
100� 2 1−F XDOð Þ½ �;XDON1

100� 2F XDOð Þ½ �;XDO≤1

8<
: ð11Þ

qT ¼
100; T ≤12 °C

100� 1−F XTð Þ½ �; T N12 °C

8<
: ð12Þ

qi ¼ 100� 1−F Xið Þ½ � ð13Þ

where qi is the i-th sub-index value, Xi is the normalized value of the i-th
parameter, and F(Xi) is the probability of Xi.

3.3. Determination of weights by sensitivity analysis

The base values of the eight parameters corresponding to the two
scenarios are presented in Table 2. We performed 64 total simulations
for the OAT sensitivity testing on each scenario: simulations were per-
formed at eight evenly spaced values (base value ±10%, 20%, 30%, and
40%) for each of the eight parameters tested. The sensitivity coefficients
were determined using Eq. (7).

Fig. 5 presents the sensitivity coefficients of the eight parameters for
the twowater replenishment scenarios. In scenario 1, the SS is themost
important influencing factor for determining the SD output. The sensi-
tivity coefficients of SS ranged from 0.148 to 0.236, with an average
value of 0.184. The reason for the highest sensitivity of SSwas attributed
to SS is a key determinant of water transparency in ULLs where their
aesthetic appeal may depend in part on transparency of the water



1 10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10
0.0

0.2

0.4

0.6

0.8

1.0

1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

F
S

S

XSS

=1.250

=0.418

r=0.9778

0.1 1 10
0.0

0.2

0.4

0.6

0.8

1.0

F
T

XT

F
D

O

XDO

=-0.016

=0.185

r=0.9330

F
C

O
D

M
n

XCODMn

=0.793

=0.150

r=0.9968 F
N

H
+ 4
-N

XNH+
4-N

=0.505

=0.374

r=0.9603

F
N

O
- 3
-N

XNO-
3-N

=0.774

=0.612

r=0.9861

F
H

R
T

XHRT

=1.333

=0.346

r=0.9667

F
T

P

XTP

=1.129

=0.402

r=0.9838

=0.256

=0.123

r=0.9768

Fig. 4. Probability distribution curves for SS, DO, CODMn, NH4
+-N, NO3

−-N, TP, HRT, and T.

6 N. Chang et al. / Science of the Total Environment 735 (2020) 139351
(Brezonik et al., 2019). TP had the second-highest sensitivity coefficient
with a range of 0.071–0.162 and an average of 0.108. This result sup-
ports earlier studies that phosphorous (instead of nitrogen) is the pri-
mary limiting factor of algae growth (Qin et al., 2013). Algae growth
Table 2
Scenarios for sensitivity analysis.

Parameter SS
(mg/L)

DO
(mg/L)

CODMn

(mg/L)
NH4

+-N
(mg/L)

NO3
−-N

(mg/L)
TP
(mg/L)

HRT
(d)

T
(°C)

Scenario 1 20a 3b 10b 1.5b 1.5b 0.1b 30c 12d

Scenario 2 10e 1.5e 10b 5e 10e 0.5e 15f 12d

a Value from Abdul azis et al. (2018).
b Values from Chinese surface water quality standard (GB3838-2002, Grade IV).
c Value from 25th percentile of the population distribution of traditional water source

replenished ULLs.
d Value from Štambuk-Giljanović (1999).
e Values from wastewater reuse regulation (GB/T18921-2002).
f Value from 25th percentile of the population distribution of alternative water source

replenished ULLs.
as a result of eutrophication is the primary determinant of SD. HRT
had the third-highest sensitivity coefficient, with a range of
0.084–0.134 and an average value of 0.102. The sensitivity coefficients
of NH4

+-N and NO3
−-N were not significantly different and had similar

average values (NH4
+-N: 0.087 and NO3

−-N: 0.088). CODMn had sensitiv-
ity coefficients in the range of 0.047–0.113, with an average value of
0.074. The sensitivities of T (0.015–0.067) and DO (0.010–0.043) were
relatively low. The SS, TP, and HRT were considerably more important
than the other parameters in scenario 1.

Fig. 5 shows different results for the sensitivity coefficients of the
eight parameters in scenario 2. The first- and second-highest coeffi-
cients were observed for HRT (0.181) and CODMn (0.150), followed by
T (0.080) and SS (0.070). NH4

+-N, NO3
−-N, and TP had lower sensitivity

coefficients and similar average values (NH4
+-N: 0.060, NO3

−-N: 0.056,
and TP: 0.061), whereas DO (0.041) had the lowest sensitivity coeffi-
cient. In this scenario, the highest sensitivity coefficient of HRT was at-
tributed to the high contents of nitrogen (NH4

+-N = 5 mg/L, NO3
−-

N = 10 mg/L) and phosphorus (TP = 0.5 mg/L) in the replenishment
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water of reclaimed water from WWTPs, which pose a high risk of algal
blooms. The fact that nutrient concentrations have generally increased
is, in itself, insufficient for the promotion of algal blooms. It is a change
in nutrient concentrations that is leading to the supply of the right nu-
trients at the right time that helps to create conditions conducive to spe-
cific algal blooms (Glibert, 2020). Especially, the hydraulic retention
zone is important for algal blooms whenever favorable conditions
occur, which are known to influence SD. This result is consistent with
the previous study of water exchange effect on eutrophication in land-
scape water body supplemented by reclaimed water, indicating phyto-
plankton production in water bodies is significantly affected by HRT
(Qin et al., 2013). Moreover, the metabolism of algae may have led to
changes in CODMn; significant algal mortality may have led to an in-
crease in CODMn. Thus, the sensitivity analysis result of scenario 2 indi-
cated that HRT and CODMn were the two most important parameters.

By comparison, the T exhibited higher sensitivity in scenario 2 than
in scenario 1. T is a critical parameter as it governs the kinds and types
of aquatic life, regulates the maximum DO of the water, and affects
physical, chemical and biological processes in water bodies (Sutadian
et al., 2018). Warmer temperature condition is thought to favor many
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algal blooms species, especially at a high nutrient level, which was the
reason for the significant influence of the T in scenario 2 (Paerl and
Scott, 2010). Similar to scenario 1, the parameter with the least sensitiv-
ity coefficient to SD was DO in scenario 2. DO is well recognized as pri-
mary indicator of lake water quality since oxygen is essential to all
forms of aquatic life. Nevertheless, there was no significant relationship
between SD and DO based on the theoretical calculation of SD, so as to
the the least sensitivity coefficient of DO. This was also corroborated
by the vast majority of ULLs presents high DO (almost always close to
the saturation) and does not show much variations.

Fig. 6 presents the weights of the eight parameters for the two sce-
narios using Eq. (8). The ranking of the weights was as follows for sce-
nario 1: SS (0.261) N TP (0.153) N HRT (0.145) N NO3

−-N
(0.125) N NH4

+-N (0.123) N CODMn (0.105) N T (0.058) N DO (0.030);
for scenario 2: HRT (0.259) N CODMn (0.215) N T (0.114) N SS
(0.100) N TP (0.087) N NH4

+-N (0.086) N NO3
−-N (0.080) N DO (0.059).

The maximum weight occurred for SS (0.261) in scenario 1 and for
HRT (0.259) in scenario 2, and the minimum weights occurred for DO
(scenario 1: 0.030, scenario 2: 0.059). This result was in agreement
with the findings of the sensitivity analysis, which showed that SS and
HRT were the most important influencing factors on the water quality
for scenario 1 and scenario 2, respectively. The highest weight for SS
in scenario 1 indicated that the control of the concentration of SS of
the replenishment water source should be the top priority for water
quality managers. Phosphorus was also the target pollutant to be con-
trolled in landscape water management. The highest weight for HRT
in scenario 2 showed that increasing the water exchange in the ULLs
replenished with alternative water sources should be the top priority
for water quality managers. In addition, the CODMn was also an impor-
tant pollutant should be controlled in landscape water management.
3.4. Relationship between the calculated WQIULL and measured SD

TheWQIULL developed in the present study considered eight param-
eters to characterize the water quality of ULLs: SS, DO, COD, NH4

+-N,
NO3

−-N, TP, HRT, and T. In order to evaluate the applicability of the
WQIULL, the relationship between the calculated WQIULL and the mea-
sured SD of 166 ULLs was used to assess the fitting degree. As shown
in Fig. 7, a close relationship between the WQIULL and the SD is clear.
TheWQIULL value for the 166ULLs ranges from9.39 to 90.80,with an av-
erage value of 55.32, and the corresponding SD values were 0.20 m,
2.50m, and 0.65m, respectively. The regression analysis of the relation-
ship between theWQIULL and SD provide a coefficient of determination
of R2 = 0.8948 (p b 0.05), indicating a significant positive correlation.
The high correlation supports the use of the WQIULL as a valuable tool
to evaluate water landscape. Regarding ULLs with different replenish-
ment sources, there are some differences since the source water quality
influenced the parameter values and then the calculated WQIULL.
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In order to ensure that landscape water quality classification is un-
derstandable, adoption of a representative indicator of satisfactory de-
gree was necessary. Because the closely correlation between SD and
public satisfactory degree (Chang et al., 2019; Lee and Lee, 2015), SD
was used to classify the landscapewater quality.With respect to the sat-
isfactory degree of recreation or aesthetic appeal, water with an SD
higher than 1.25 m was regarded as excellent, associated with the
highest satisfaction level; 0.65 m b SD b 1.25 m was regarded as good;
0.25 m b SD b 0.65 m was regarded as acceptable; SD b 0.25 m was
regarded as poor, associated with the lowest satisfaction level (Lee
and Lee, 2015). These four intervals were then used to classify the
data of the proposedWQIULL into four categories. According to the rela-
tionship between the calculatedWQIULL and measured SD, the four cat-
egories areWQIULL ≥ 80, excellent; 60–80, good; 30–60, acceptable; and
WQIULL b 30 (Table 3).

It can be concluded that the developed WQIULL for ULLs provides an
effective tool for communicating quality data to the public and policy
makers. This index can also be used to express the general state of
water quality spatially and temporally. It is also able to compare water
quality of ULLs with different replenishment water sources in a simple
and understandable manner, without undertaking highly technical as-
sessment of water quality data.

4. Conclusions

The novel landscape water quality index of WQIULL has been devel-
oped in this study under the consideration that water transparency in
terms of SD to a determinative degree governs the water landscape ef-
fect. Theoretical analysis has indicated that the three kinds of suspended
matters in water, namely Chla as a result of eutrophication, ISS due to
inflow and/or hydraulic scour of sediments, and DC from exogenous
and/or endogenous sources. By further analyzing the related processes,
eight parameters have been identified to influence SD and therefore the
landscape water quality. For the development of the WQIULL with the
eight parameters as sub-indices, data of field survey of 166 ULLs have
been used for characterizing the cumulative probability distribution
curve of each sub-index and sensitive analysis to obtain the sub-index
weight. The method of landscape water quality evaluation and classifi-
cation eventually formulated in this study has shown the applicability
of the relatively simple index of WQIULL = ∏i=1

n qi
wi in practical cases,

as have been seen from the good correlative relationship between the
Table 3
Classifications proposed for the developed WQIULL.

WQIULL value SD (m) Classification

80–100 N1.25 Excellent
60–80 0.65–1.25 Good
30–60 0.25–0.65 Acceptable
0–30 b0.25 Poor
calculatedWQIULL and the measured SD. It is also noticeable that SD, al-
thoughmeasurable by optical observation, is not a simple water quality
factor but a function of the eight parameters identified in this study.
Therefore, the novel index developed can also provide a tool to predict
the variation of the landscape effect due to changes in normal quality
parameters.
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