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Abstract: Water quality indices (WQISs) are practical and versatile instruments for assessing, organiz-
ing, and disseminating information about the overall quality status of surface water bodies. The use
of these indices may be beneficial in evaluating aquatic system water quality. The CCME (Canadian
Council of Ministers of the Environment) and NSF (National Science Foundation) WQIs were used
for the assessment of surface water (depth = 1 m) in Lake Union, Washington State. These WQIs
were used in surface water at Lake Union, Seattle. The modified versions of the applied WQIs
incorporate a varied number of the investigated parameters. The two WQIs were implemented
utilizing specialized, publicly accessible software tools. A comparison of their performance is offered,
along with a qualitative assessment of their appropriateness for describing the quality of a surface
water body. Practical conclusions were generated and addressed based on the applicability and
disadvantages of the evaluated indexes. When compared to the CCME-WQ], it is found that the
NSF-WQI is a more robust index that yields a categorization stricter than CCME-WQIL

Keywords: lake water; mesotrophic ecosystem; CCME-WQI; NSF-WQI; Seattle

1. Introduction

Safe, clean and sufficient freshwater is essential for human life and the survival of
other living organisms in the environment [1]. The deterioration of water quality has
become a global problem due to its inherent ability to produce significant adjustments to
the hydrological cycle [1]. Complex and diversified water quality challenges need urgent
worldwide attention and response. Intensive anthropogenic activities and rapid economic
growth have added to the pressure on the environment and ecosystems, resulting in soil and
water resource degradation, severely limiting sustainability [2-6]. The presence of chemical
compounds is the cause of pollution in both groundwater and surface water [7-12]. These
chemical substances significantly impact whether or not the water is suitable for human
consumption and purposes in industry and agriculture. Even while many researchers,
including scientists and engineers, have conducted exhaustive studies on a wide range
of themes concerning water pollution, it is abundantly evident that there is a dearth of
mature and scientifically sound techniques in several areas [13-15]. Horton pioneered
mathematical algorithms to estimate river water quality levels as early as 1965 [16].The
combined influence of many driving forces that control water quality and the difficulties
in identifying the significant parameters used to quantify the chemical status of water
resources are complicated to comprehend [17]. As a result, the water quality index (WQI) is
regarded as a mathematical tool that considerably reduces the complexity of water quality
datasets while providing a single categorizing value that defines the water quality status of
water bodies or the degree of pollution [18].

Following Horton’s proposed WQI method, numerous organisations and laboratories
developed several WQI methods for various purposes, including the National Sanitation
Foundation WQI (NSF-WQI) [19], Scottish Research Development Department (SRDD) [20],
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River Status Index (RSI) [21], Canadian Council of Ministers of the Environment WQI
(CCME-WQ)) [22], Bhargava Method WQI (BM-WQI) [23], Overall Indicator Overall Index
of Pollution (OIP) [24], British Columbia Water Quality Index (BC-WQI) [25], Oregon WQI
(O-WQI) [26] and Malaysia WQI (M-WQI) [27].

WAQI is a single dimensionless number that summarises the overall water quality state
by aggregating data for selected parameters such as nitrates, dissolved oxygen (DO), electrical
conductivity (CND) and trace elements [17]. Recording a single value or score that is generally
recognised as expressing the water quality of a lake in terms of a water quality index is
one of the themes discussed in this study. The WQI was developed to become a valuable
and persuasive instrument for managing water quality and the sustainable development
of water resources [13,19]. WQIs are methodologies or tools that combine a list of water
quality parameters and their objective values measured in a water sample into a single
value (score) that, after comparison with known ranges of the corresponding objective value,
would facilitate the evaluation of the water quality status of the water body and classify it
in terms of water quality [9,28]. The significant advantage of using water quality indices is
the simplicity they provide by combining a vast number of quality data into a single value
and by giving a comprehensible description of quality [19,22,28]. This is the main benefit of
using water quality indices. A WQI is an effective and practical instrument representing the
water quality at a monitoring station. Numerous scholars from all around the globe have
acknowledged the significance of using WQISs to assess the quality state of water bodies in
their respective regions [9,17,19,28-30]. WQIs have also been successfully applied to provide
a holistic assessment of the current status, reliability and purpose of the Russian water quality
monitoring program [31]. Kouadri et al. [32] applied artificial intelligence algorithms to
predict WQI in the groundwater collected from the Illizi region (Algeria), including locally
weighted linear regression, additive regression, multilinear regression, random forest, random
subspace, artificial neural network and support vector regression. Deng et al. [33] have
successfully applied two different machine-learning methods (artificial neural networks and
a support vector machine) to accurately predict algal growth and eutrophication in Tolo
Harbour (Hong Kong). Hadjisolomou et al. [34] have applied an artificial neural network to
model the chlorophyll-a levels of a shallow eutrophic lake (Mikri Prespa, Greece), which is a
crucial parameter for estimating CCME-WQL

The scientific topic of water quality covers much ground and has many implications.
One of the most significant outcomes of increased agricultural production, industrial
production, domestic population and other shifts in land use is a general deterioration in
water quality. Protecting water quality, determining the extent of groundwater and surface
water pollution, and developing effective management strategies require meticulous and
well-organized water resource planning.

The main difficulties in evaluating the performance of WQIs in surface water bodies
worldwide are the lack of the appropriate dataset and the many options for selecting the
different sets of indicators and objective values. The strength of this study mainly includes
the following aspects: (a) the analysis of four versions of the WQIs, considering a different
set of indicators, and (b) the suggestion of the most rigorous, from our point of view, option
for calculating the WQL

The primary goals of this investigation are: (a) to analyse the water quality of a
mesotrophic lake located in the state of Washington using water quality indices that have
been recorded monthly for a period of two years, and (b) to assess the performance of
WQIs in the lake studied. The ultimate aim is to examine many existing WQIs and provide
recommendations about which should be selected and how those WQIs should be modified
to assess aquatic systems.
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2. Materials and Methods
2.1. Area Studied

Lake Union is situated in Washington State, United States of America (Figure 1). Its
surface area is 2.3 km? and its depth varies between 10 and 15 m. According to King
County, Lake Union can be characterized as a mesotrophic ecosystem [35].
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Figure 1. Map showing area studied.

The main outlet of Lake Union is Hiram Chittenden Locks, while its main inflow
is Lake Washington ship canal (Figure 2) [36]. Glacial and glaciofluvial scouring and
deposition, tectonic folding and faulting, flooding by volcanic mudflow deposits, current
processes such as land sliding and stream erosion, and considerable human alteration
have shaped today’s terrain in the study area [37]. Throughout the Quaternary period
(2.4 million years), glaciers retreated southward from British Columbia into the Seattle
region on many occasions [37]. Seattle’s surficial deposits may be broken down into the
following categories: postglacial deposits, late-glacial deposits, Vashon glacial deposits,
pre-Vashon deposits and bedrock. More than half of these deposits (49%) are fine-grained,
19% are intermediate or interbedded, and 32% are coarse-grained deposits [37].

Lake Union is the most heavily urbanized and the smallest of King County’s three
major lakes. A significant part of the catchment area has been used mainly for residential,
commercial and industrial purposes. A major part of the shoreline of Lake Union, across
the lake perimeter, has been used for commercial docks, marinas, houseboat moorage,
industries and dry docks. Seismic seiching is a recurrent phenomenon in the catchment
area of Lake Union [38]. Lake Union is susceptible to water waves produced by earth-
quakes; for example, the 1964 Alaska earthquake caused severe damage to houseboats
on Lake Union [38]. It is Y-shaped in plain view and is not adequately approximated
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by a conventional geometrical shape. Lake Union is a shallow basin with an average
depth of 10 m [38].
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Figure 2. Map showing monitoring stations S-0540 and S-0852 of lake water.

2.2. Primary Data and Data Analysis

A database was expanded using all the available information from December 2019 through
March 2022 through data collection derived from the database of King County [35,36]. The
primary data applied in this study were assembled by King County, U.S.A. [36]. Chlorophyll-a
(Chl-a), temperature, faecal coliforms, dissolved oxygen (DO), electrical conductivity (CND),
nitrate-nitrogen (N-NOs), pH, total phosphorous (TP) and transparency (Secchi disk depth)
were all included in the accessible dataset (Figure 3).

Water samples were collected once a month from December to February and from
March to November twice a month. The 5-0540 monitoring station located in Lake Union
was used to gather samples (Figure 2). Water samples were collected from 1 m below
the lake’s surface to just above the lake bottom at the 5-0540 monitoring station (latitude:
47°38/'51.04” N, longitude: 122°18'18.69” W), which is located west of Montlake Bridge
in Montlake Cut (Figure 2). Chlorophyll-a was measured using the fluorometric method
(SM10000-chlorophyll-H3) [25]. Faecal coliforms were determined according to SM9222D
20th ed. [23]. The NO3-N was determined according to the automated cadmium reduction
method (SM4500-NOs-F) [25]. The TP was measured applying the automated ascorbic
acid method (SM4500-P F) [25]. Several gaps in the data series of chemical and physical
parameters were identified (Figure 3).

For data processing, the software programs Microsoft® Excel (Redmond, Washington,
DC, USA) and IBM® SPSS v.28 (International Business Machines Corporation; Statistical
Product and Service Solutions; Armonk, NY, USA) for Windows were used. The Pearson
correlation coefficient (r) and p-values of the variables under consideration were calculated.
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Figure 3. Timeseries of the monitored water quality parameters of Lake Union: (a) Chlorophyll-a,
(b) Temperature, (c) Faecal Coliforms, (d) Dissolved Oxygen, (e) Electrical Conductivity, (f) Nitrate-

Nitrogen, (g) pH, (h) Total Phosphorous, and (i) Turbidity.

2.3. WQI Implementation

The WQI’s key benefit is merging a large amount of water quality data into a single
value, which aids in the rigorous and speedy assessment of water resources. The water qual-

ity of Lake Union was evaluated using the Canadian Council of Ministers of Environment
WQI (CCME-WQI) [22] and National Sanitation Foundation WQI (NSF-WQI) [17,19]. The

CCME-WQI is calculated by combining suitable water quality criteria into a single number
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ranging from 0 to 100, with 100 representing “excellent” quality [22]. The CCME-WQI score
is calculated using a freely available software code developed by CCME. The NSE-WQI is
computed as a weighted average by selecting relevant water quality metrics and giving
weights to those values. Its score goes from 0 to 100, with 100 representing the highest
possible score. All the objective values are provided by CCME [22], except for turbidity,
which is suggested by World Health Organisation (WHO) [39], and electrical conductivity
and nitrate-nitrogen, which are given by Council Directive 98/83/EC (Table 1). Depending
on the result, the NSF-WQI categorizes water bodies into five categories: excellent, good,
medium, bad, and extremely bad [19]. Compared to the CCME-WQ), the NSF-WQI requires
additional computations and conversions. The temperature change was estimated using
the 5-0852 monitoring station in Lake Washington as the reference value. This is because
the monitoring station S-0852 (latitude: 47°38'09.55” N, longitude: 122°16'03.21"” W) is
the closest to the monitoring station S-0540 located in Lake Washington, the main inflow
system for Lake Union (Figure 2). Equation (1) proposed by the State of Utah Division of
Water Quality was applied to calculate turbidity from Secchi disk depth [40]:

Secchi disk depth = 244.13 (Turbidity) ~%-662 1)

Table 1. Parameters used for the classification of water quality in Lake Union.

Units NSFq-WOQI NSF7;-WQI CCME4-WQI CCMEg-WQI
Chlorophyll-a ug L1 - - - v (4)
Change in Temperature °C - v - -
Faecal Coliforms CFU/100 mL v v v/ (100) v/ (100)
Dissolved Oxygen (DO) mg L1 - - V' (6) v (6)

% v v - -

Electrical Conductivity (CND) uScem—1! - - - v'(2,500)
Nitrate Nitrogen (N-NO3") mg L1 v v v'(13.45) v'(13.45)
pH - v v v (6.5-9.0) v (6.5-9.0)
Total Phosphorus mg L1 v v - -

ug L1 - - v (10) v (10)
Turbidity NTU v v v (5) v (5)

This study applies two modified versions of two widely WQIs (CCME-WQI and
NSE-WQI). The modified versions of the applied WQIs include a different number of the
examined parameters as well as the selected objective values. The parameters chosen
for the classification of lake water quality used in this study are listed in Table 1. The
subscripts [6-8] indicate the number of selected parameters for the calculation of each WQI
(Table 1). The NSF¢-WQI and CCMEg-WQI are designed to include precisely the same
parameters available in this study. The selection of the same parameters for calculating
NSF¢-WQI and CCME4-WQI facilitates the discussion of the outcomes derived from these
WQIs. On the other hand, the NSF;-WQI and CCMEg-WQI are designed to use all the
available datasets for this study. There were several gaps in the dataset of this study.

The classes and ratings of CCME-WQI and NSF-WQI applied in this study are tabu-
lated in Table 2.

Table 2. WQI classes and ratings which were applied in this study [19,22].

NSF-WQI [19] CCME-WOQI [22]

Class Rating Range Rating Range
5 Excellent 91-100 Excellent 95-100
4 Good 90-71 Good 80-94
3 Medium 51-70 Fair 65-79
2 Bad 26-50 Marginal 45-64
1 Very bad 0-25 Poor 0-44




Hydrology 2022, 9, 116

7 of 12

3. Results and Discussion

Figure 4 displays the interannual variation in CCME-WQI and NSF-WQI values for the
surface water of Lake Union. The NSF¢-WQI and NSF7-WQI values recorded in the surface
water of Lake Union are noticeably lower than the CCME4-WQI and CCMEg-WQI values
at each monitoring period (Figure 4). The NSF¢-WQI and NSF7-WQI values are constantly
lower than the CCMEg-WQI and CCMEg-WQI values, which can be attributed to the change
in temperature for the calculation of NSF-WQ), suggesting that the temperature is a critical
parameter for its estimation (Figure 4). These differences between the results obtained
from NSF-WQI and CCME-WQI are explained by discussing further the dissimilarities
of these WQIs. According to Brown et al. [19] NSF-WQI is classified as a “conventional”
WAQI since it examines water quality for general usage without focusing on any one type
of water consumption. The NSF-WQI is produced as the weighted arithmetic mean of
the individual sub-index values for each of the listed parameters. Weightages assigned to
quality measures, as in other weighted WQI techniques, highlight the relative relevance
of the latter to overall water quality. The CCME-WQI analyses aquatic-life water quality
conditions by including three elements [22]: (a) scope, (b) frequency, and (c) amplitude.
Each of the aforementioned indicators is displayed on a percentage scale and reflects:
(a) the number of parameters that do not satisfy water quality standards; (b) the frequency
with which these objectives are not reached; and (c) the proportion by which the objectives
are not met. The selection of particular variables and intended outcomes (objective values)
that are incorporated in the CCME-WQI is depended on the specific circumstances in
Lake Union [22]. The CCME final index is calculated by the three components (scope,
frequency and amplitude). Moreover, NSFs-WQI and NSF7-WQI exhibit a lower seasonal
variability and can be considered a more robust WQI. Additionally, the study conducted
by Alexakis et al. [28] in a lake situated in the Mediterranean region also verifies this
outcome. The correlation coefficients between each WQI and water quality parameter are
tabulated in Table 3.
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Figure 4. Interannual variation in WQI values in water collected at the monitoring station S-0540 in
Lake Union, Seattle.
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Table 3. Correlation matrix of WQIs and the examined parameters in surface water in Lake Union
(bold characters indicate high correlation, statistically significant correlation if p-value < 0.050).

NSFs-WOQI NSF,-WQI CCMEg-WQI CCMEg-WQI
Chlorophyll-a - - - —0.150
p-value - - - 0.252
Change in Temperature - —0.400 - -
p-value - 0.033 - -
Faecal Coliform —0.126 0.056 —0.153 —0.041
p-value 0.289 0.402 0.248 0.428
Dissolved Oxygen (DO) 0.453 0.076 —0.625 —0.807
p-value 0.017 0.369 0.001 0.000
Electrical Conductivity (CND) - - - 0.579
p-value - - - 0.002
Nitrate-nitrogen (NO3-N) —0.052 0.113 —0.943 —0.714
p-value 0.409 0.309 0.000 0.000
pH 0472 —0.010 0.410 —0.043
p-value 0.013 0.482 0.029 0.424
Total Phosphorous (TP) 0.202 0.360 —0.248 —0.292
p-value 0.183 0.050 0.133 0.094
Turbidity —0.936 —0.304 —0.224 0.198
p-value 0.000 0.084 0.159 0.189

It is important to note that several factors impact the water quality parameters with
the highest correlation coefficient values and, thus, play a more significant role in formu-
lating the final findings. It is essential to indicate that various factors influence the water
quality parameters, which will show higher correlation coefficient values, and consequently,
the higher the correlation coefficient value, the more significant role in formulating the

outcome (Table 3).

Figure 5 presents the variation in NSF-WQI and CCME-WQI classes (1 to 5 scale) in
Lake Union. The following conclusions may be derived based on the variation in WQI
classes (Figure 5).
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Figure 5. Variations of WQI classes in Lake Union, Seattle.
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First, the lowest class is Class 1, which NSFs-WQI calculates. This class is recorded at
all sampling campaigns, suggesting that the classification using NSFs-WQI is stricter
than the classification derived from NSF;,-WQI, CCMEz-WQI and CCMEg-WQI. Wa-
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ters with these characteristics can be considered as “very bad” waters according to the
NSF4-WQI classification.

Second, the lowest class of both NSF7-WQI, CCME¢-WQI and CCMEg-WQI is Class 2,
except for six sampling campaigns (Figure 4); while the highest class of CCMEg-WQI is
Class 4, which leads to the observation that at the majority of sampling campaigns, there
is no difference between the classes of NSF7-WQI, CCME4-WQI and CCMEg-WQI. For
surface water of Lake Union collected in five sampling campaigns (16 June 2020, 16 April
2021, 16 September 2021, 16 October 2021 and 16 November 2021), the NSF,-WQI and
CCMEg-WQI fall in Class 2 (Bad, Marginal); while according to CCMEg-WQI it is cate-
gorized in Class 3 (Fair) denoting that the difference between these classes was +1. The
inclusion of CND can explain these differences only in CCMEg-WQI, and consequently, this
index produces a stricter classification for the surface water of Lake Union. The CCMEg-
WQI and CND are moderate intercorrelated (correlation coefficient: +0.579; p-value < 0.050;
Table 3), suggesting that CND controls the CCMEg-WQI classification in Lake Union mod-
erately. It should be reported that saltwater intrusion and the increase in CND in lake
water is well documented in Lake Union [35]. High salinity water (up to 29 ppt) often
enters Lake Union during the summer when lock operations are at their peak and flow
is at its lowest, but this saltwater is usually flushed out by late autumn with increasing
freshwater flow [35]. Moreover, the CCME4-WQI and DO (correlation coefficient: —0.625;
p-value < 0.050) and CCMEg-WQI and DO (correlation coefficient: —0.807; p-value < 0.050)
are moderately and strongly intercorrelated, respectively, which suggests that DO moder-
ately to strongly controls the CCME-WQI classification in Lake Union (Table 3). According
to King County [35,36], the known phenomenon of saltwater intrusion controls the CND
and DO contents in water of Lake Union. This finding shows that the impact of saltwater
intrusion in Lake Union is clearly revealed by CCME-WQI classification. Furthermore,
CCME4-WQI, CCMEg-WQI and NOs-N (correlation coefficient up to —0.943; p-value <0.050)
are strongly intercorrelated (Table 3), which also suggest that NO3-N strongly controls
the CCME classification in Lake Union. Nitrate is among the parameters that contributed
to the decrease in the indices (Table 3; Figure 4). A similar finding is also reported by
Kikuda et al. [41], who studied Buritis Lake (Brazil). Even a slight decrease in nitrogen con-
tents in Lake Union improves lake trophic status, but adding nutrients to the lake promotes
eutrophication. A recent study conducted by Hadjisolomou et al. [34] in Lake Mikri Prespa
(Greece) reported similar findings. Studies conducted by King County in both 2002 and
2014 have also reported that within saltwater intrusion, there were increases, among others,
in the contents of nitrogen in lake water [35]. In the sampling campaign conducted on
16 September 2020, the application of each one of the examined WQIs produced a different
outcome for the classification of the surface water of Lake Union (Figure 5).

Including chlorophyll-a and electrical conductivity only in the CCMEg-WQ]I, cate-
gorize the surface water in Lake Union in Class 2 (Marginal), which is lower than the
classification derived from CCME4-WQI. Furthermore, saltwater intrusion shows that
increased temperature appears to cause a decrease in DO and sustained anoxia [17].

The classification of Lake Union in classes ranging from 1 to 3 is attributed to the
intrusion of saltwater in the studied lake. Saltwater intrusion in Lake Union is recorded
by King County as a common phenomenon [35]. The 2014 saltwater intrusion into Lake
Union was unprecedented in duration and magnitude since the King County started
regular observations in 1984 [35]. During the 2002 and 2014 saltwater intrusions, routine
monitoring conducted by King County showed increasing temperature, prolonged anoxia,
and low pH [35]. Moreover, the 2014-2016 saltwater intrusion into Lake Union changed
the lake’s physical and chemical ecosystem [35].

Figure 6 shows the normalized frequencies for each WQI class. It is depicted that the
NSF¢-WOQI ranges only in the lowest class (Class 1—Very bad) (Table 2). The NSF7-WQ]I,
CCME4-WQI and CCMEg-WQI mostly range in Class 2 (Bad, Marginal) (Table 2). The
CCME4-WQI and CCMEg-WQI range in the middle class (Class 3—Fair) only for a few
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sampling campaigns; while only CCMEg-WQI for one sampling campaign falls into the
upper class (Class 4—Good) (Table 2).

1.00
0.80
0.60
0.40
0.20
0.00

Frequency/N

1 2 3 4 5
Class

m NSF6-WQl NSF7-wal CCME6-WQ CCME8-WwQl

Figure 6. Normalized frequency diagrams for WQI classes in monitoring station S-0540 of Lake
Union, Seattle.

Figures 5 and 6 show that the NSFs-WQI, NSF7-WQI, CCMEg-WQI and CCMEg-WQI
could be classified based on their relative performance in three groups. The NSF¢-WQI
falls into the first group since it classifies the surface water of Lake Union as the lowest
quality class. The NSF;-WQI and CCMEg-WQI fall into the second group, as the resulting
surface water classification categorises Lake Union into Class 2 (except for one sampling
campaign). It can be observed that the quality class of CCMEg-WQI varies between 2 and 4,
and consequently, this WQI falls into the third group.

The results obtained from the analysis of NSF¢-WQI, NSF7-WQI, CCMEg-WQI and
CCMEg-WQI show significant discrepancies between classifications provided by these
indices on the same surface water body. These significant discrepancies are attributable to
changes in objective values and the number of parameters used for the calculations.

4. Concluding Remarks

It is shown that when different WQI procedures are used, different classification
results may arise; thus, considerable consideration should be given in choosing a particular
approach to apply for assessing lake water quality. The findings of this study indicate
significant differences in classifications supplied by different indices on the same surface
water body. At each monitoring period, the NSF¢-WQI and NSF7-WQI values reported in
Lake Union’s surface water are considerably lower than the CCME4-WQI and CCMEg-WQI
values. The NSFs-WQI and NSF;-WQI values are consistently lower than the CCME;g-
WQI and CCMEg-WQI values, which may be linked to temperature changes for NSF-WQI
calculation, indicating that temperature is a significant parameter for its estimation. NSFg-
WOQI and NSF7-WQI are stricter and more robust than the CCMEz-WQI and CCMEg-WQI
since they have less seasonal variation and present constantly lower values. Including
chlorophyll-a and electrical conductivity solely in CCMEg-WQI classifies Lake Union’s
surface water as Class 2 (Marginal), which is lower than the classification determined from
CCMEg-WQL In most sampling campaigns, there is no difference between the classes of
NSF7-WQI, CCMEg-WQI and CCMEg-WQI. The variation in WQIs in the surface water
of Lake Union can be attributed to saltwater intrusion. However, these results are based
on a set of observed data from a single surface water body and can only be generalized
if the WQIs are applied to a wide range of case studies that reflect varied meteorological,
geomorphological, geological and hydrological circumstances. WQIs have been shown to
be helpful tools because they promote the communication process by delivering precise
and accurate results for stakeholders and policymakers. Future work may include the
sensitivity analysis of the selected parameters for each WQL.
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