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Abstract: Online approaches for monitoring water quality can be an alternative aid to rapid decision-
making in watershed management, especially reservoirs, given their vulnerability to the process of
eutrophication. In this study, a modified water quality index (WQI) was developed using parameters
that are easily measured with sensors, which would allow for the online monitoring of reservoirs.
The modified WQI was based on WQICETESB and we used regression models to obtain values for the
parameters: total phosphorus (TP), total nitrogen (TN), biochemical oxygen demand (BOD) and total
solids (TS). Water quality data from reservoirs from 2003 to 2020 were used, which were provided
by the Environmental Company of the State of São Paulo (CETESB), Brazil. The adjusted modified
WQI employing weight redistribution (WQIRWAdj or WQISOL) presented the most promising results,
with a Pearson correlation of 0.92 and a success rate of 72.6% and 97.0% for the CETESB and
simplified classifications, respectively. WQISOL, which was proposed in the present study, exhibited
a satisfactory performance, allowing the water quality of reservoirs to be monitored remotely and
in real-time.

Keywords: online water quality index (WQISOL); minimal index; multiple linear regression; water
parameters

1. Introduction

Currently, there is a reduction in the availability of surface water due to degradation
from anthropogenic activities and natural processes. According to Boretti and Rosa [1],
water resources suitable for human consumption will be scarce by 2050. This scarcity will
make it impossible to use water for multiple purposes, including human consumption,
industrial and agricultural use, and even for recreational purposes [2–4]. As a result, water
resource management has been increasing, and action to prevent the degradation of surface
water bodies has taken a prominent role.

The use of tools to monitor surface water has proven advantageous from environmen-
tal, health, and economic standpoints, as they help safeguard the quality of this essential
and irreplaceable resource [4,5]. Such monitoring is fundamental to water resource man-
agement, as it can indicate trends in the loss of water quality and point out possible sources
of pollution [6].

One tool that is widely used around the world to evaluate and optimize the monitoring
of surface water quality is the water quality index (WQI) [7–11]. Such indices consist of
mathematical techniques that gather various parameters into a single value, enabling
water quality to be classified in a simple way that is easy for the general population to
understand [3,6]. In recent years, various new approaches have been reported regarding
WQI, for example, using the concepts of entropy in WQI for groundwater and surface
water assessments [8,9] and the incorporation of health risk assessments [10].

Despite the advantages, obtaining the necessary parameters for WQIs use may make
the periodic monitoring of water quality a laborious and costly task [6,12,13]. Due to
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these obstacles, the development of tools that allow accurate, simultaneous results and
that require a smaller range of parameters can result in more efficient monitoring of water
quality [6].

In this respect, WQIs that are modified to only include water parameters that can
be measured using analytical instruments are promising, as they allow the quality to
be monitored remotely and in real-time and dispensed with methodologies that include
analyses using toxic and dangerous reagents. In light of these aspects, this study aimed to
obtain an online water quality index that would allow remote and real-time water quality
monitoring in reservoirs.

2. Materials and Methods
2.1. Sampling

The state of São Paulo, located in southeastern Brazil, has a strong tradition of monitor-
ing its water bodies, resulting in a larger volume of water quality data compared to other
Brazilian states. São Paulo is home to an expressive resident population of 46.29 million
people and has the highest number of industrial establishments in Brazil, making it an
important area for the study of water pollution sources. This study focused on 32 reser-
voirs with 48 monitoring points (Figure 1), and the water quality data were obtained
from CETESB’s basic network of surface water monitoring in the InfoÁguas platform.
The dataset included information on several water quality parameters. In addition, the
database contained information on sampling points, altitude, and sampling dates, provid-
ing a comprehensive picture of water quality in the state of São Paulo. The data provided
a valuable source of information for the development of a modified representative WQI,
which could help assess and manage the quality of water resources in the state and ensure
their sustainable use and conservation.
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Figure 1. Map of the region of São Paulo state, highlighting the reservoirs included in the study.

The study used seven explanatory variables, including electrical conductivity (EC),
nitrate nitrogen (NO3-N), ammoniacal nitrogen (NH3-N), dissolved oxygen (DO), hydro-
genionic potential (pH), water temperature (T), and turbidity (Turb). These parameters
can be measured directly by analytical instruments. Sampling dates for determining the
precipitation regime were also included. The response variables of the regression models
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are biochemical oxygen demand (BOD), total phosphorus (TP), total nitrogen (TN), col-
iforms, and total solids (TS). These water quality parameters have complex measurement
methodologies.

It is important to note that adjustments were made to the TN and thermotolerant
coliforms (TC) data due to changes in the methodology used by CETESB over the 18-year
period. As such, TN was determined using the sum of total Kjeldahl nitrogen (TKN)
and NO3-N, and the TC counts was transformed into E. coli using a correction factor of
1.25 proposed by CETESB itself [14–16]. Regarding outliers in time series, when necessary,
the robust regression followed by the outlier identification (ROUT) method was used.

2.2. Regression Models for BOD, TP, TN, Coliforms, and TS Predictions

A time series from 2008 to 2017 was used to construct the predictive models. The
correlations between the pre-selected explanatory variables (EC, NO3-N, NH3-N, DO, pH,
T, and Turb) and the target variables (TP, TN, coliforms, and TS) were carried out using
the Spearman’s correlation analysis [17]. As the precipitation regime is a dichotomous
variable (D), the dummy method [18] was used to include the influence of precipitation in
the regression models. Here, D assumes a value equal to one for rainy periods and a value
equal to zero for dry periods. The period from April to September is characterized as the
dry season, and from October to March as the rainy season.

The prediction efficiency of the constructed models was evaluated using the coef-
ficient of determination (R2) and the adjusted coefficient of determination (R2adj). The
models were further cross-validated using the time series from 2018 to 2020, considering
the above metrics and the Nash–Sutcliffe coefficient (NSE), and the Pearson correlation
coefficient [19–21]. This step was aimed at replacing complex monitoring variables with
simpler ones in the process of obtaining the WQI.

2.3. Online Modified Water Quality Index

The modified WQI was based on the WQI adopted by CETESB. Therefore, Equation (1)
and the quality charts constructed by CETESB were used to obtain the quality of parameter
i (qi). Detailed explanations about the process of calculating the scores for each water
quality category and regarding the color ranges are available on the CETESB website: www.
cetesb.sp.gov.br/aguas-interiores/wp-content/uploads/sites/12/2013/11/02.pdf [22].

WQI = ∏n
i=1 qwi

i (1)

where
WQI = water quality index, is a score that indicates water quality, expressed as a

number between 0 and 100;
qi = quality of the ith parameter, a number between 0 and 100, obtained from the

respective ‘mean-value curve of the variation in quality’ as a function of its concentration;
wi = weight is corresponding to the ith parameter, a number between 0 and 1, assigned

based on importance to the overall conformation with water quality.
The predictive models that exhibited the best performance were used to construct the

modified WQIs for carrying out remote and online monitoring. The efficiency of these
WQIs was evaluated by comparing the resulting classifications with those of WQICETESB
(Table 1), the modified WQIs, and the WQIs proposed by Naveedullah et al. [4], Pesce and
Wunderlin [23], and Moscuzza et al. [24].

A linear regression adjustment was performed to enhance the performance of the
modified WQIs. Furthermore, the modified WQIs were cross-validated using the time series
from 2003 to 2007 to confirm whether the good performance observed during validating of
the regression models would be replicated with other datasets.

www.cetesb.sp.gov.br/aguas-interiores/wp-content/uploads/sites/12/2013/11/02.pdf
www.cetesb.sp.gov.br/aguas-interiores/wp-content/uploads/sites/12/2013/11/02.pdf
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Table 1. Classification of water quality by WQICETESB.

Category Score Color
Excellent 79 < WQI ≤ 100

Good 51 < WQI ≤ 79
Fair 36 < WQI ≤ 51
Poor 19 < WQI ≤ 36

Very Poor WQI ≤ 19
Source: CETESB [15,22].

3. Results and Discussion
3.1. Developing Regression Models to Be Used in Modified WQIs

Spearman’s correlation analysis was used to verify the possible relationships between
the parameters of the water under study. Table 2 shows the results obtained from this anal-
ysis. Only correlations greater or equal to 0.4 (in bold) in absolute terms were considered.
It was observed that eligible parameters could be used to compose predictive models for
BOD, TN, TP, and TS concentrations. Very weak correlations were obtained for coliform
values, and this variable was then disregarded.

Table 2. Spearman’s correlation (ρ) between the independent and dependent parameters.

EC DO NH3-N NO3-N pH T Turb

BOD
r 0.4141 −0.1322 0.4982 0.0605 0.055 −0.078 0.4643

p-value <0.0001 <0.0001 <0.0001 0.0037 0.0083 0.0002 <0.0001

TP
r 0.5181 −0.2763 0.4626 0.1555 −0.0143 −0.0588 0.5265

p-value <0.0001 <0.0001 <0.0001 <0.0001 0.4898 ns 0.0052 <0.0001

TN
r 0.7041 −0.2393 0.5343 0.4553 0.1474 −0.0207 0.4201

p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.3207 ns <0.0001

TS
r 0.728 −0.2461 0.381 0.3284 0.1479 0.0334 0.3909

p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1086 ns <0.0001

Moderate positive ρ correlations between BOD and EC (0.4141), BOD and NH3-
N (0.4982), and BOD and turbidity (0.4643) were observed. Additionally, TP exhibited
positive moderate correlations with EC (0.5181), NH3-N (0.4626), and turbidity (0.5265).
TN exhibited significant correlations with NH3-N (0.5343), NO3-N (0.4553), and turbidity
(0.4201). Notably, EC exhibited a strong positive correlation (coefficient of 0.7041) with TN.
These observed correlations for BOD, TP, and TN may be attributed to the discharge of
domestic wastewater and agricultural runoff, which are major sources of organic matter
and nutrients [25–30].

TS in water could be influenced by several direct or indirect factors. Although EC
has a high correlation with TS (0.728), which can be explained by the known relationship
between EC and total dissolved solids (TDS) [27,30], it may not reflect the trues relationship
between them in some situations. Therefore, a simple linear regression based on only one
variable (EC) may not capture the complexity and variability of water quality. To avoid
these problems and to obtain a more accurate and robust predictive model of TS, we used
multiple linear regression with all the available variables as predictors. This way, we were
able to account for possible interactions and confounding effects among the variables and
improve the explanatory power of the model.

The predictive models constructed using the time series from 2008 to 2017 are shown
in Table 3.
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Table 3. Predictive models for the values of the WQI using variables that can be measured by probes.

Equation

BOD = 0.7067 + 0.2220(DO) + 0.0121(EC) + 1.6781(NH3-N)
TPdry = −0.0058 + 0.0003(EC) + 0.0864(NH3-N) + 0.0018(Turb)
TPrainy = −0.0280 + 0.0003(EC) + 0.0864(NH3-N) + 0.0018(Turb)
TN = −1.27447 + 0.0029(EC) + 1.0345(NH3-N) + 0.09748(NO3-N) + 0.2012(pH) + 0.0109(Turb)
TS = 46.3516 + 0.2042(EC) − 1.9471(DO) + 6.8051(NH3-N) + 12.3191(NO3-N) + 5.4058(pH) + 0.5869(Turb)

Regression models are generally adjusted to predict responses for new observations,
plot the relationships between variables, or find values that optimize one or more responses.
The proposed models were, therefore, adjusted to describe the relationships found between
the explanatory variables and the response variable through the regression of generalized
linear models. Table 4 shows the results of the metrics obtained when adjusting the models.

Table 4. Coefficients of determination obtained when adjusting the models.

Parameter
Adjustment

R2 R2adj

BOD 0.7141 0.7137
TP(dry and rainy) 0.8312 0.8309

TN 0.9239 0.9237
TS 0.7843 0.7837

Note that the regressions constructed for each of the parameters obtained an excellent
fit between the predicted and observed values, as they presented coefficients of determina-
tion greater than 0.60. According to Barros Neto [28], this result indicates that the models
can be used for predictive purposes, allowing the equations to estimate the concentrations
of BOD, TP, TN, and TS.

Model validation aims to evaluate the performance of equations with datasets that
are different to that used in developing the model. To determine the magnitude of the
associated distortion, cross-validation was carried out using the coefficient of determination
(R2) and the adjusted coefficient of determination (R2adj). To confirm the good performance
of the model, the Pearson correlation (r) and the Nash–Sutcliffe coefficient of efficiency
(NSE) were used with data collected between 2018 and 2020.

Table 5 shows the coefficients of the adjusted regression models, the coefficients of
the validated models, and the NSE for each response variable. NSE values range from
negative infinity to one, with higher values indicating better model performance, while
lower or negative values suggest poorer model performance [21]. Values less than 0.36 are
considered unsatisfactory, while values between 0.36 to 0.75 are classified as good, and
values greater than 0.75 are regarded as excellent [29].

Table 5. Coefficients of determination, Pearson correlation (r), and Nash–Sutcliffe efficiency coefficient
(NSE) obtained when validating the regression models.

Parameter R2 R2
adj r(Pearson) NSE

BOD 0.7133 0.7128 0.8398 0.6758
TP 0.9053 0.9051 0.9515 0.8951
TN 0.9552 0.9551 0.9948 0.9495
TS 0.8347 0.8344 0.9136 0.8290

Each of the parameters exhibited an R2 and R2
adj value greater than 0.60, indicating a

good fit between the observed and predicted data. This means that the values estimated
by the model were close to those observed during the period. Additionally, it should be
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noted that the coefficients of determination when validating were greater than those found
when modeling. Hence, the models not only fit the new data but also maintained their
performance using other sets of data than those used in their construction.

The Pearson correlation (r) for the parameters was close to 1, indicating that for each
unit added in one group, there was a proportional increase in the other group. Additionally,
the NSE confirmed a similar behavior to that found for the aforementioned metrics. All
the parameters showed acceptable performance based on the range of values (0.36–0.75)
shown in the literature [18]. It should be noted that the models for TP, TN, and TS obtained
an NSE beyond this range and were considered to have good performance.

The regression models were proven to be suitable for predicting the values from
laboratory procedures and they can make the process of monitoring water quality more
practical and economically viable [6]. Additionally, the results demonstrate that the re-
gression models obtained in the present study should perform well with datasets of water
quality from reservoirs under similar conditions to those found in the state of São Paulo,
southeast of Brazil.

3.2. Online Modified Water Quality Indices

In constructing the online modified WQI indices, a decision was made to exclude the
thermotolerant coliforms (TC) parameter, including its E. coli subset, due to the complexity
of obtaining reliable predictive models [31–34]. To overcome the omission of TC when
calculating the modified WQIs, two strategies were employed. The first strategy involved
assigning new weights to each of the parameters that were retained, as presented in
Table 6. The second strategy involved weighted redistribution of all the remaining variables,
following the methodology proposed by Srivastava et al. [35].

Table 6. Weights (wi) of the parameters for calculating the water quality indices (WQI) modified with
assigned weights (WQIAW), redistributed weights (WQIRW), and original weights (WQICETESB).

Parameter WQIAW WQIRW WQICETESB

DO 0.2500 0.2000 0.1700
TC - - 0.1500
pH 0.1800 0.1412 0.1200

BOD * 0.0800 0.1176 0.1000
∆T 0.0800 0.1176 0.1000

TN * 0.0800 0.1176 0.1000
TP * 0.0800 0.1176 0.1000
Turb 0.2000 0.0941 0.0800
TS * 0.0500 0.0941 0.0800

* Parameters determined indirectly using regressions obtained in this study.

DO was assigned the highest weight among the parameters that were retained, as it is
a key indicator of water quality degradation and loss. Turbidity, which is often, but not
exclusively, related to bacterial contamination, obtained a relatively high value compared
to the original weights of WQICETESB. In addition, pH was also given a high weight due to
its potential to indicate the discharge of industrial wastewater and significant disturbances
in aquatic ecosystems [24,27].

Using the aforementioned methods, the modified WQIs values were calculated, and
the resulting values were evaluated using a dataset of water quality data for reservoirs in
the state of São Paulo between 2018 and 2020. Table 7 presents the correlation between
WQICETESB values and the values obtained through the modified WQIs calculations, using
both assigned weights (WQIAW) and the redistributed weights (WQIRW).

The results demonstrate a high and statistically significant correlation between the
original WQICETESB values and the values obtained through the modified WQI calculations,
using both the assigned and redistributed weights. This suggests that, despite the omission
of TC and the use of estimated concentrations through the regression models, the modified
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WQIs produced values that closely approximated those obtained using the original CETESB
methodology.

Table 7. Pearson correlation coefficients (r) for WQIAW and WQIRW in relation to WQICETESB,
obtained with the set of water quality data for reservoirs in the state of São Paulo, from 2018 to 2020.

Index r(Pearson) p-Value

WQIAW 0.9285 <0.001
WQIRW 0.9291 <0.001

Subsequently, water quality classifications made by the reference WQI and the mod-
ified WQIs were analyzed to evaluate the efficacy of the proposed WQIs in terms of the
range (color) classification presented in Table 1. Figure 2 presents the water quality obtained
through the modified WQIs.
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The modified WQIs were shown to be comparable to the method that requires numer-
ous field samplings and laboratory analyses. This was achieved by using sensor readings
of electrical conductivity, dissolved oxygen, ammoniacal nitrogen, nitrate-nitrogen, pH,
and turbidity, together with information on the current rain regime.

In both of the modified WQIs, there was a low percentage overestimation at more
than one rating level (0.2%), which corresponded to only one observation. However, it
was observed that WQIAW had a higher percentage underestimation (5.2%) compared to
WQIRW, which underestimated only 1.3% of the time. These results suggest that online
monitoring should not be used as the sole method for assessing water quality, and that
sample collections and laboratory analyses should be conducted, not only when atypical
measurements are observed, but also on a periodic basis, even at longer intervals [6,23,26].

The results obtained from the modified WQIs led to the generation of new fitting
regression models for each WQI, which were aimed at reducing the errors associated with
the modified indices. The resulting models were of the linear type, utilizing the scores
obtained from WQIAW and WQIRW, and the scores obtained from WQICETESB, as presented
in Table 8.

Both adjustment models obtained a good fit for the paired observations, as evidenced
by R2 and R2adj values greater than 0.85. This indicates that the resulting equations can
predict 85% of the variation observed in the WQICETESB scores, and that the WQIAW and
WQIRW adjustment models can be utilized to minimize errors [28,31].
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Table 8. Regression models adjusted for WQIAW and WQIRW.

Equation R2 R2adj

WQIAWadj = 0.9783 (WQIAW) − 1.5603 0.8565 0.8563
WQIRWadj = 1.0656 (WQIRW) − 9.8944 0.8543 0.8540

WQIAWadj and WQIRWadj were obtained of regressions models between the scores of modified WQIs ver-
sus WQICETESB.

Pearson correlation analyses were conducted between the adjusted modified WQIs
and WQICETESB, with the results presented in Table 9. The coefficients obtained were greater
than 0.92, indicating a strong correlation [17,35] This suggests that the scores derived from
the adjusted modified WQIs closely aligned with those obtained using WQICETESB.

Table 9. Pearson correlation coefficients (r) for WQIWAadj and WQIRWadj in relation to WQICETESB,
for the set of water quality data for reservoirs in the state of São Paulo, from 2018 to 2020.

Index r p-Value

WQIAWadj 0.9285 <0.001
WQIRWadj 0.9285 <0.001

Figure 3 illustrates the proportion of correct and incorrect classification levels obtained
by the adjusted modified WQIs, considering the intervals presented in Table 1. The suc-
cess rate of WQIAWadj was slightly lower than that of WQIAW, while there was a 5.8%
improvement in the success rate of WQIRW. It was also observed that for WQIRWadj, the
adjustment could eliminate errors at more than one rating level, while, for WQIAWadj, it
was not possible to eliminate these errors.
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Figure 3. Percentage of observations obtained by the modified WQI using adjusted assigned
weights (WQIPAaj) and redistributed weights (WQIRWadj) compared to the water quality classifi-
cation of WQICETESB.

The adjustment equation for WQIAWadj decreased overestimation errors to 12.8%,
while underestimation errors increased, resulting in an 11.6% underestimation rate in one
rating level. A similar trend was observed for WQIRWadj, with a decrease in overestimation
error (12.6%) compared to the original value (19.2%), and an increase in underestimation
error (10.5%) compared to the original value (5.2%). Although the adjustments were unable
to completely eliminate errors, WQIRWadj showed no errors in two or more rating levels of
water quality, indicating robust results.
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3.3. Comparison with Other Modified WQIs

In order to evaluate the performance of the modified WQIs in comparison to other
water quality indices that also used easily measurable parameters, the indices proposed by
Naveedullah et al. [4], Pesce and Wunderlin [23], and Moscuzza et al. [24] were compared.
Figure 4 displays a comparison of the modified WQIs, the literature-based WQIs, and
WQICETESB, using the water quality database of reservoirs in the state of São Paulo from
2018 to 2020.
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Figure 4. Frequency of observations for each rating level: WQICETESB, modified WQI using assigned
weights (WQIAW), adjusted modified WQI using assigned weights (WQIAWadj), modified WQI using
redistributed weights (WQIRW), adjusted modified WQI using redistributed weights (WQIRWadj),
and previous modified WQIs presented in literature. Data from São Paulo reservois (2018 to 2020).

WQIRW and WQIAW were found to frequently indicate ‘Excellent’ water quality, which
can be attributed to the tendency to classify samples in the ‘Good’ quality level as ‘Excellent’.
However, WQIRW exhibited overestimation of the ‘Poor’ rating levels and underestimation
of the ‘Fair’ and ‘Very Poor’ rating levels (with the latter considered to be null), while WQIAW
was more effective in indicating samples as ‘Fair’. Despite these differences, both WQIRW
and WQIAW can provide useful information for decision-making in watershed management.

Upon observing the frequencies of each rating level of water quality indicated by
WQIRWadj, it can be concluded that the adjustment was effective in correcting the errors
associated with WQIRW and was successful in reducing the primary distortions identified
earlier in the modified WQIRW. However, for WQIAWadj, despite the adjustment leading to
fewer errors in the ‘Excellent’ rating level, it did not correctly identify any observations
as ‘Very Poor’, which resulted in only four observations being classified as such. The
adjustment also caused an overestimation of the ‘Poor’ category, although it did lead to an
improvement in the success rate in the ‘Good’ and ‘Fair’ rating levels.

The frequencies of the observations obtained by the WQIs proposed in the literature
differed from those obtained by the reference WQI. Moreover, when analyzing their success
rate, the performance of these indices was inferior to those of the four modified WQIs
proposed in this study. This can be elucidated by the absence of multiple dimensions of
water quality, coupled with the fact that the indices were designed to cover the diverse
situations, geographical locations, and inherent attributes of distinct water bodies.
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3.4. Simplified Classification of Water Quality

Table 10 presents a simplified classification, which considers that water classified
as ‘Excellent/Good’ and ‘Poor/Very Poor’ overlap each other mainly with regard to the
collection/supply and treatment of water for public/municipal purposes [6].

Table 10. Proposed simplified classification of water quality, with the CETESB classification [6].

CETESB SIMPLIFIED
Category Range Color Category Range Color
Excellent 79 < IQA ≤ 100

Excellent/Good 51 < IQA ≤ 100
Good 51 < IQA ≤ 79
Fair 36 < IQA ≤ 51 Fair 36 < IQA ≤ 51
Poor 19 < IQA ≤ 36

Poor/Very Poor IQA ≤ 36
Very Poor IQA ≤ 19

Figure 5 shows the success and error rates of the proposed WQIS when the simplified
classification is used.
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Figure 5. Percentage of observations obtained by the modified WQI using assigned weights (WQIAW),
adjusted modified WQI using assigned weights (WQIAWadj), modified WQI using redistributed
weights (WQIRW), and adjusted modified WQI with redistributed weights (WQIRWadj) compared to
the water quality classification of WQICETESB, using the simplified classification.

The results of the WQIs modified with a simplified scheme indicate a notable achieve-
ment in terms of the success rate. The employment of the simplified classification scheme
resulted in a noteworthy reduction in the parcel of overestimation for rating level errors,
as evidenced by the decrease in the previously observed range of overestimation errors
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from 12.64% to 27.39% to a narrower range of 4.41% to 1.92%. In addition, the use of the
simplified approach led to a similar reduction in the underestimation error of one rating
level, with a reduction of up to 9.97 percentage points noted, as seen with WQIRWadj.

WQIRWadj exhibited superior performance compared to the other modified WQIs indi-
cating the correct classification (96.9%), without errors at more than one level rating. It also
had the lowest error rate of underestimation (0.6%) and a low rate of overestimation (2.5%).

In order to compare the performance of the proposed WQIs with other WQIs proposed
in the literature, simplified classification was used, and the frequencies of each WQI
indicated for each category are plotted in Figure 6. It was observed that the modified
WQIs performed similarly to each other and the reference WQI, indicating a good level
of agreement. However, the WQIs proposed in the literature exhibited poor performance,
with the WQI proposed by Naveedullah et al. [4] being the one that exhibited the best
performance among them.
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3.5. Validating the Modified Water Quality Indices

During the validation step of the modified WQIS, a database of water quality from
reservoirs in the state of São Paulo was used, covering a period prior to that used during
the modeling step (2003 to 2007). The results of the modified WQIs in comparison to
WQICETESB are presented in Figure 7.

All of the compared indices had a success rate of approximately 70%, with WQIRW
having the lowest performance at 69.54%. Conversely, WQIAWadj had the highest success
rate at 73.25%. These success rates were similar to the values obtained during the con-
struction of the modified WQIs. Furthermore, the adjusted indices were able to eliminate
errors at more than one rating level during the validation step. WQIRWadj stands out as
it succeeded in eliminating errors at more than one rating level in both the construction
and validation steps, and presented good success rates (76.82% and 72.66%, respectively)
throughout the present study.

Additionally, it is important to note that WQIRWadj continued to exhibit a 10% rate of
overestimation at one rating level, while also displaying a portion of underestimation at
one rating level, which reached 16.5%. Furthermore, WQIAWadj showed a decrease in the
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overestimation error to 8.3% at one rating level, but an increase in the underestimation error
to 18.4% at one rating level, when compared to the results obtained during the construction
step of the modified WQI.
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justed modified WQI with assigned weights (WQIAWadj), modified WQI with redistributed weights
(WQIRW), and adjusted modified WQI with redistributed weights (WQIRWadj), compared to the water
quality classification of WQICETESB.

Based on the results obtained in the present study, WQIRWadj was found to be the
most effective modified WQI. During the construction phase, it demonstrated the highest
rate of correct classification, with no errors occurring at more than one rating level. In
the validation phase, it continued to perform well, with no errors occurring at more than
one rating level and achieving a low overestimation error percentage, resulting in a high
success rate.

To assess the performance of modified indices relative to WQICETESB, a correlation
analysis was conducted between the scores obtained by modified indices proposed in other
studies [4,23,24] and those obtained by modified indices proposed in this study. Table 11
presents the correlation values obtained, allowing for a comparison of the performance
of the different modified WQIs using WQICETESB as a reference. Thus, it is possible to
verify that the indices, both modified and adjusted modified, proposed in the present
study presented very strong correlations (>0.9279) with the values obtained by the CETESB
water quality assessment methodology. In contrast, we observed that the index modified
proposed by Pesce and Wunderlin [23] failed to obtain results similar to those obtained by
WQICETESB. The modified indices proposed by Naveedullah et al. [4] and by Moscuzza
et al. [24] had better performances, showing strong (0.7467) and moderate (0.6511) correla-
tions, respectively.
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Table 11. Pearson correlation coefficients (r) for the modified WQI using assigned weights (WQIAW),
adjusted modified WQI using assigned weights (WQIAWadj), modified WQI with redistributed
weights (WQIRW), adjusted modified WQI with redistributed weights (WQIRWadj), WQI proposed
by Moscuzza et al. [24], WQI proposed by Pesce and Wunderlin [23], and WQI proposed by
Naveedullah et al. [4] in relation to WQICETESB obtained with the set of water quality data for reser-
voirs in the state of São Paulo, from 2003 to 2007.

Index r p-Value

WQIAW 0.9379 <0.001
WQIRW 0.9379 <0.001

WQIAWadj 0.9279 <0.001
WQIRWadj 0.9353 <0.001

Moscuzza et al. [23] 0.6511 <0.001
Pesce and Wunderlin [24] 0.3186 <0.001

Naveedullah et al. [4] 0.7467 <0.001

The simplified classification scheme presented in Table 10 was also used in the valida-
tion step to evaluate the performance of modified WQIs when using fewer rating levels.
Figure 8 shows the results achieved in the step for each of the modified WQIs.
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It can be observed that all the WQIs had a high success rate, around 96%, in the valida-
tion step. However, the error at more than one rating level remained in the modified WQIs.
This type of error is inadmissible because it indicates a very different water quality from
the reality, which can lead to poor decision-making. It is noteworthy that the adjustment
was able to eliminate this type of error in both the strategies of attributed and redistributed
weights. Even with the WQIs adjustment, errors in indicating the wrong status of the water
quality still occurred, but these errors were reduced. In most cases, the WQIs correctly
adjusted the water quality rating or indicated a worse rating level than it really was. Thus,
the results validated the efficiency of the modified adjusted WQIs when applying a scheme
of simplified classification. In general, WQIRWadj stood out for having the smallest portion
of underestimated error and a higher success rate.

The modified WQIs constructed in this study are capable of indicating water quality
classifications for other sets of data besides the databases used in their modeling and
construction, as evidenced by the validation step. The performance of WQIRWadj should
also be highlighted, as this WQI presented no errors at more than one rating level, a lower
overestimation error rate, and a very high success rate. WQIRWadj can be renamed as
WQISOL to make it more accessible and promote its dissemination for use in monitoring
reservoirs. The letter S indicates the locality for which it was idealized, i.e., the State of São
Paulo, and the letters OL denote the methodology of determining the status of water quality,
which is an online determination method. Therefore, the initials form the word “SOL,”
which means sun in Portuguese, giving it an even more friendly connotation. To encourage
the application of WQISOL in monitoring reservoirs, a schematic diagram for the calculation
of the modified IQA was prepared to facilitate the application of the methodology proposed
in the present study, which can be found in Figure 9.
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The process for calculating WQISOL, as shown in Figure 9, involves several steps. First,
measurement data obtained from sensors are used as inputs for the prediction regression
models, which generate predicted values for relevant parameters. These predicted values
are then used to calculate WQIRW. The resulting output value is then passed through the
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adjustment equation. Based on the resulting value, the appropriate classification method
can be selected. To help users understand the process, explanatory notes, such as equations
or weighted values, have been included in the diagram, denoted by a line and an empty
diamond with a parenthesis. As a result, the diagram can serve as a guide for using WQISOL
to monitor reservoirs.

4. Conclusions

The construction of predictive models and the composition of WQISOL (WQIRWadj)
have enabled the reliable and continuous determination of the water quality in reservoirs in
the Brazilian state of São Paulo without the need for costly and time-consuming sampling
campaigns or laboratory analyses. This allows for efficient monitoring and management of
water resources, ensuring that water quality is maintained at acceptable levels.

The study found that the method of weighted redistribution together with the regres-
sion adjustment (WQISOL), was the best option among the modified WQIs. This is because
it showed a high level of similarity to WQICETESB, and demonstrated a more uniform
and superior performance compared to other modified WQIs. WQISOL stands out as it
succeeded in eliminating errors at more than one rating level in both the construction and
validation steps, and presented good success rates (76.82% and 72.66%, respectively). More-
over, the success rate was equal to 97% in the validation step for a simplified (three-range)
classification system.

WQISOL offers the potential for more sustainable and economical real-time monitoring
of water quality as it eliminates the need for a significant portion of water sampling and
analysis. Moreover, by making the WQISOL results available for public consultation online
through interactive maps, it can increase environmental awareness and promote social
responsibility among surrounding communities. The proposed simplified classification
demonstrated its potential as a viable option for effective watershed management.

To ensure accurate water quality monitoring, it is recommended to continue using the
monitoring methods, albeit at a possible reduced frequency, to avoid misinterpreting water
quality data. In order to improve WQISOL and reduce classification errors, future studies
should focus on the development of a predictive model using parameters that can be easily
measured by analytical instruments and can efficiently determine the counts of E. coli or
thermotolerant coliforms. This model could then be integrated into the WQISOL framework.
The use of tools such as artificial intelligence could help in the development of this model.

Additionally, it is suggested that WQISOL be tested in reservoirs located in other
regions with similar conditions and high urbanization levels to verify its effectiveness in
those regions. Finally, it is recommended to explore the application of WQISOL in other
types of waterbodies to determine its potential use beyond reservoirs.
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