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Abstract: The present study links monitoring and simulation models to predict water quality distri-
bution in lakes using an optimized neural network and remote sensing data processing. Two data
driven models were developed. First, a monitoring model was established that is able to convert
spectral images to TDS distribution. Moreover, a simulation model was developed to generate a TDS
distribution map for unseen scenarios for which no spectral images are available. Outputs of the
monitoring model were applied as the observations for training the simulation model. The Nash-
Sutcliffe model efficiency coefficient (NSE) was utilized in the system performance measurement of
the models. Based on the results in the case study, the monitoring model was sufficiently robust to
convert the operational land imager spectral bands of Landsat 8 to the TDS distribution map. The
NSE was more than 0.6 for the monitoring model, which confirms the predictive skills of the model.
Furthermore, the simulation model was highly reliable in generating the TDS distribution map of the
lakes. Three tests were carried out to demonstrate the reliability of the model. When comparing the
results of the monitoring model and simulation model, an NSE of more than 0.6 was found for all
the tests. It is recommendable to apply the proposed method instead of conventional hydrodynamic
models that might be highly time consuming for simulating water quality parameters distribution in
lakes. Low computational complexity is the main advantage of the proposed method.

Keywords: remote sensing; water quality modelling; neural networks; optimal number of hidden
layers; Landsat 8

1. Introduction

The development of agriculture is vital for food security. However, the environmental
impacts of agriculture on water bodies has been highlighted in recent decades [1]. On the
one hand, using fertilizers is important to maximize yield of the production for the farmers.
On the other hand, this might increase water pollutants in the agricultural runoff that
could be drained to inland water bodies such as lakes [2]. Lakes are important habitats and
require suitable water quality to maintain biological activities such as reproduction and
ensure food supplies for various species. Draining agricultural runoff to lakes is a serious
concern for environmental managers who want to mitigate the environmental impact of
agricultural activities. Hence, monitoring water quality distribution in lakes is one of the
main requirements for better management. Moreover, simulating the impact of unseen
scenarios is important to improving environmental management. In other words, it is
essential to simulate or predict the impact of agricultural development scenarios on the
distribution of water quality parameters for managing lake habitats.

Due to the importance of water quality assessment in the lakes, field measurement is
critical to assess water quality. However, traditional methods for measuring water quality
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parameters have some disadvantages that might reduce the applicability of these methods
in practice. First, continuous monitoring of water quality in many points of the lake can
be expensive. Secondly, advanced measurement tools that are able to record the water
quality parameters online might not be available in all countries, especially in developing
countries. Hence, using remote sensing data is a useful option, with minimal effort required
for field measurements [3]. It is demonstrated that the spectral behavior of the water
might be altered due to interactions of solar radiation and optically active components
(OACs) [4]. Hence, detection and monitoring of a wide range of water quality parameters
using remote sensing techniques have been highlighted in the literature [5,6]. For example,
total suspended solids (TSS), total dissolved solids (TDS) and turbidity have been detected
through the satellite images. It should be noted that several missions using satellites in
remote sensing have been performed in recent decades. In other words, currently, several
satellites capture the spectral images from earth through different installed sensors [7].

Data acquisition is one of the critical issues when using spectral images for the as-
sessment of water quality in water bodies. Another important issue that might have a
significant effect on the outputs of the remote sensing analysis is the choice of model for
efficient conversion of the spectral images to concentrations of water quality parameters.
According to the literature, regression models are widely used to process remote sensing
data [8]. For instance, some previous studies have recommended using multiple linear
regression to detect water quality parameters using remote sensing data [9]. However,
many statistical studies have highlighted the drawbacks of regression methods to develop
a robust predictive model. Hence, artificial intelligence (AI) methods have been developed
to enhance the performance of the models in remote sensing analysis. The progress and
challenges of using remote sensing in water quality analysis have been reviewed in the
literature [10]. Different AI methods are utilized in remote sensing analysis. More details
are provided in the literature [11].

It should be noted that AI methods are not only applicable in remote sensing analysis,
they can be directly applied water quality modelling. Hence, it is necessary to review the
principles of the most applicable AI methods. Artificial neural networks (ANNs) have been
broadly applied in different branches of civil engineering [12]. In fact, proper response
of these models has encouraged engineers to utilize neural networks as a robust method
to predict or simulate different phenomena in environmental and civil engineering. For
example, ANNs have been used to predict stream flow or inflow of the reservoirs in
previous studies [13,14]. Furthermore, previous studies corroborate the robustness and
applicability of the neural networks for simulating water quality in rivers and lakes [15-17].
According to the literature, ANNs have been recommended in remote sensing data analysis.
ANNSs have been used in other forms that might improve the results in some cases. For
example, neuro fuzzy inference systems are one of the improved neural networks in this
regard. A neural network conventionally contains an input layer, hidden layers (one or
more hidden layers can be used) and an output layer. The input layer includes the effective
inputs for the simulated outputs. It should be noted that the selection of inputs is critical
for the output of the model. Moreover, the output layer includes output of the model as
the purpose of the simulation. Hidden layers are the most important part of the ANNS;
one or more layers can be used for connecting inputs to outputs. Development of the ANN
generally has two steps, including the training process and testing process. In the training
process, coefficients and constants for connecting the input layer, the hidden layers and
the output layers should be optimized based on observations. In other words, the training
process is the most important step to develop a successful model, in which availability of
the observed or recorded data in the environment is highly effective. Different methods
can be used to train the neural network; these have been reviewed in the literature [18].
Moreover, additional details regarding the theory and application of ANNSs have been
provided in previous studies [19].

The main motivation of the present study is the lack of robust models to simulate
water quality distribution maps for lakes in which Al methods and remote sensing data
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analysis could be applied. Traditionally, hydrodynamic models such as MIKE could be
used to simulate water quality distribution in the lakes [20]. However, their drawbacks,
such as arduous verification processes, might reduce the applicability of the hydrodynamic
models in practice. Moreover, conventional application of Al methods for limited points in
lakes cannot simulate water quality distribution, because a wide range of points in the lake
cannot be simulated. Hence, improving Al models for simulating water quality distribution
in lakes is necessary. Combining Al methods with remote sensing data processing can
provide a robust framework to predict water quality distribution maps; this is the main
contribution and novelty of the present study. The proposed method might open new
windows regarding the application of combined frameworks in which remote sensing
analysis could be effectively applied for assessing water quality in lake environments.

2. Application and Methodology
2.1. Case Study and Data Acquisition

The proposed method was applied in Zrebar lake, one of the large freshwater lakes
located in the Kurdistan province in Iran. This beautiful lake is one of the valuable habitats
in the region; many native fish species and other aquatic organisms can be found here.
The main economic activity for the people who live in the basin of the lake is agriculture.
Cultivated lands have been developed in this basin in recent decades. Maximizing yield
of production is the main purpose for the farmers, who would like to increase their net
revenue. However, environmentalists have serious concerns regarding the water quality
due to draining agricultural runoff, in which high concentrations of water pollutants have
been reported. Hence, two tasks have been defined for the environmental engineers who
are responsible for water quality control in this lake, including monitoring water quality
parameter distribution at the surface of the lake and simulating water quality distribution
for unseen scenarios. Hence, it is required to develop a robust system to monitor and
predict distribution of water quality parameters in the lake. Figure 1 displays the location
of the lake and the sampling points that were used in field studies for developing the
data-driven models.

Turkmenistan

afghanistan

45 6 :
— Kilometets

Figure 1. Location of Zrebar lake and sampling points including P1 to P4.
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Data acquisition is one of the main steps for remote sensing analysis; data should be
provided based on the needs and purposes of the study. Landsat 8 is one of the known
satellites for capturing spectral images from the Earth through different sensors. Landsat 8
(formally the Landsat Data Continuity Mission, LDCM) was launched on an Atlas-V rocket
from Vandenberg Air Force Base, California, on 11 February 2013. This satellite orbits the
earth at an altitude of 705 km and completes one Earth orbit every 99 min. The captured
images are available in 16-day intervals; this means several spectral images from the study
area for a long-term assessment might be available. Hence, spectral images from the
Landsat 8 are highly applicable for remote sensing analysis. The satellite has two types of
sensors, including the Operational Land Imager (OLI) and the Thermal Infrared Sensor
(TIRS) instruments. Previous studies have demonstrated the applicability of OLI images
for analyzing and monitoring water quality in water bodies. Thus, images generated by
the OLI were applied in the present study. Eighteen images were downloaded from the
USGS databank from 2013 to 2020, for which recorded data in the sampling points was
available and images were proper in terms of requirements for remote sensing analysis,
such as absence of clouds. Based on the initial ecological studies, TDS was selected as the
most important water quality parameter for habitat suitability of the lake. Based on the
technical definition, Total dissolved solids (TDS) can be defined based on concentration of
all organic and inorganic materials dissolved in the water. This parameter is a measure of
anything dissolved in the water. In the case study, TDS was selected as the representative
parameter regarding water quality challenges. In other words, previous ecological sampling
demonstrated that there is a strong relationship between the aquatic population and TDS.
In fact, changing TDS affects all water quality parameters in the case study, which means it
could be a good environmental index. Hence, we focused on the assessment of the TDS in
the present study. TDS was measured in the flagged sampling points by the portable device.
Mean monthly TDS as the inflow of the lake was simulated in previous studies and is
displayed in Figure 2. It should be noted that the simulation of monthly TDS inflow to the
lake is not in the scope of the present study, and we applied the generated data proposed
by the regional water authority in the development of one of the data driven models.
Pre-processing of remote sensing data was carried out based on the recommendations of
previous studies. More details are provided in the literature (Maliki et al., 2020). Figure 3
displays one of the downloaded images (Landsat 8, OLI C2L2) showing seven bands.
Additional details regarding the data-driven models are presented in the next sections.
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Figure 2. Simulated TDS inflow to the lake over long-term period (blue dots: simulated points).
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Figure 3. A sample of used spectral images (Landsat 8, OLI C2L2) in remote sensing data processing
(selected region is displayed by yellow line).
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2.2. Optimized Neural Network for Monitoring TDS Distribution in the Lake

The first data-driven model developed in the present study is an optimized neural
network for converting the spectral images to the TDS distribution in the lake. Many
previous studies applied ANNSs for engineering problems. They commonly considered one
or two hidden layers in the development of the model. However, it should be noted that
the number of hidden layers highly impacts the output of the model. Hence, an optimized
neural network was developed in the present study in which a number of hidden layers
was optimized in the training process of the model. Figure 4 displays the general flowchart
of ANNS, in which the number hidden layers is variable and the optimization process
can find the best number of hidden layers. Table 1 displays the main characteristics of
the neural network for converting the spectral images to the TDS concentration in the
lake. Moreover, Figure 5 displays the workflow of the present study for developing the
optimized neural network, in which the Marquardt-Levenberg method is used to train the
network [21].

Input layer Hidden layers i Output layer

h 0

Figure 4. General architecture of ANNSs.

Table 1. Main features of monitoring data-driven model.

Number of Training

Inputs Output Hidden Layers Method

Band 1 Visible (0.43-0.45 um) 30 m

Band 2 Visible (0.450-0.51 um) 30 m Total dissolved
Band 3 Visible (0.53-0.59 um) 30 m solids BetweenOand  Subtractive
concentration 100 Clustering
Band 4 Red (0.64-0.67 pm) 30 m (TDS)

Band 5 Near-Infrared (0.85-0.88 um) 30 m
Band 6 SWIR 1(1.57-1.65 um) 30 m
Band 7 SWIR 2 (2.11-2.29 pum) 30 m
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Data base formation

Random selection of
data for training ANN
(80% of available data )

3

Select number of hidden
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Test the model by 20%

of data and computing

Training process by Levenberg-
3 root means square error
Marquardt backpropagation method (RMSE) for network

No

Save the best model as
optimal neural network yes

Figure 5. Workflow of developing optimal neural network.

2.3. Optimized Neural Network for Simulating TDS Distribution in the Lake

The second developed neural network in the present study is a data-driven model
that might be able to simulate TDS concentration distribution for unseen scenarios. The
architecture of the model for developing the optimized neural network is the same as the
first model utilized for converting spectral images to TDS concentration. However, the
inputs of the model are different, including TDS inflow in each time step (mean monthly
TDS), longitude and latitude. The output of the model is distribution of TDS concentration.
In fact, the output of model is a map, as will be presented in the next sections. In fact,
this model considered the mean monthly TDS as the inflow of the model, which could be
considered for generating the mean monthly TDS distribution map in the lake. It should
be noted that most of the downloaded spectral images by the OLI were generated in the
middle of the month, and this was adopted as the mean monthly TDS distribution. This
assumption might not be perfectly applied in the real world. However, it is acceptable
for generating the mean monthly TDS distribution map in the lake. The cell size of the
OLI images is 30 x 30 m; this was considered the resolution of the simulation data-driven
model. In other words, the latitude and longitude for each cell was considered in the
data-driven model.

2.4. Measurement Indices

Each model requires some indices to measure the performance of the model. In fact,
these indices measure how the predictive skills of the model are reliable. The Nash—Sutcliffe
model efficiency coefficient (NSE) was applied to measure the robustness of the model [22].
Equation (1) displays the mathematical form of this index.

Y (M —Oy)°
YL1(0¢ — Om)?

NSE =1 — 1)

where M; is simulated data for sample t, Oy is observed or recorded data for sample t, Oy,
is mean observed or recorded data and T is the total number of simulated points. It should
be noted that this index is one of the known indices for estimating the robustness of the
data-driven models. Moreover, RMSE was applied as another index in the present study,
as displayed in Equation (2).

@
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3. Results

In the first step, it is essential to present the results of the development of the optimized
neural network (ONN) in the present study. As presented, two ONNs were developed
in the present study, including the ONN for converting spectral images to TDS concen-
tration distribution in the simulated environment (DM1) and the ONN for simulating
TDS distribution for unseen scenarios (DM2). Figure 6 displays the RMSE for DM1 in
different numbers of hidden layers. It seems that the number of hidden layers has a great
impact on the accuracy of the model; development of an ANN without optimization of
the number of hidden layers might not reliable. Hence, it is recommendable to optimize
the number of hidden layers in similar models for simulations. DM1 does not indicate a
specific relationship between the number of hidden layers and the RMSE that supports
the optimized process in each model. According to the results, eight hidden layers were
selected as the optimal number of hidden layers for converting spectral images to the TDS
concentration. Figure 7 shows the training and testing process of the DM1 (with optimal
number of hidden layers) in which RMSE and NSE are displayed for the total period. As
can be observed, NSE is close to 0.6, which demonstrates that the model is acceptable for
converting the spectral images to the TDS concentration. According to the literature, if the
NSE is more than 0.6, the developed model will be robust in terms of simulation of the
outputs. Moreover, the RMSE is 63.6 mg/L, which indicates the mean error of the model
is limited.

AT
600 _
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ann
UV
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e TaTs
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00
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Hidden layer NO

Figure 6. RMSE for determining optimal number of hidden layers (DM1).

In the next step, the output of DM2 should be presented. Figure 8 displays the RMSE
for different numbers of hidden layers for DM2, which shows a different performance
compared with DM1. In fact, it seems that there is a direct relationship between number
of hidden layers and accuracy of the model. In fact, increasing the number of hidden
layers will positively affect the accuracy of the model. Interestingly, DM1 and DM2 show
different performance in the optimization of hidden layers. In the DM2, 96 hidden layers
is the optimal number of hidden layers. Based on the simulated TDS inflow to the lake,
three scenarios were selected to test the performance of the model for predicting TDS
concentration. TDS inflows for test 1, test 2 and test 3 were 383.9, 373.4 and 389.3 mg/L,
respectively. It should be noted that TDS inflows were selected close together to investigate
the ability of the model to accurately simulate TDS distribution in the lake of the case study.
In fact, the testing process can demonstrate how the machine learning model is able to
predict or simulate TDS distribution in the lake. Figures 9-11 display the outputs by DM1
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as the monitoring model of the TDS concentration and DM2 as the simulation model of the
TDS concentration for the unseen scenarios or three simulated tests. The model is highly
reliable and robust in simulating and predicting TDS concertation in the lake. However,
the lower and upper limits of the simulations are slightly different from the data generated
by DML1. This difference seems logical because the prediction of peak points is one of the
conventional problems in using data-driven models in engineering. The RMSE and NSE for
each generated map are displayed in the captions of the figures. The computed RMSE and
NSE corroborate the robustness of the model to simulate TDS concentration distribution.

—e— Observed —e—Simulated
800
750
700

400
350
1 6 11 16 21 26 31 36 41 46 51

L

TDS(mg/L)

U u o o
(=] wn Q w
o (=] (=] o

H
v
©

300
56 61 66 71

Sample NO

I

Figure 7. Training and testing process for DM1 (data-driven model for converting spectral images to
TDS distribution map).
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1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96
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Figure 8. RMSE for determining optimal number of hidden layers (DM2).
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In the final step, TDS suitability maps were generated to complete the testing process
of the model. According to the initial ecological studies, 420 mg/L was determined as the
threshold of TDS for classifying the habitats in the lakes. In other words, if TDS is higher
than 420 mg/L, the aquatic habitat will be unsuitable. Conversely, if TDS is lower than the
defined threshold, the habitat might be suitable for biological activities such as reproduction
or searching for food. Figure 12 shows the habitat classification map generated based on
DM1 and DM2 for each test. This figure corroborates that the developed data-driven model
is highly reliable to classify the habitats of the lakes.
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Figure 12. TDS suitability map for the lake in the three tests.

4. Discussion

A full discussion on different aspects of the model is essential. We applied an opti-
mized neural network in the present study as it is highly advantageous compared with
conventional neural networks in which the number of hidden layers is not optimized. In
other words, the number of hidden layers is usually one or two in the conventional form of
ANNs. However, other types of the data-driven models might be applicable as well. Many
options might be available in this regard. For example, neuro fuzzy inference systems
are another option for simulating water quality parameter distribution in the lakes. It is
recommendable to apply these types of models, such as adaptive neuro fuzzy inference
systems, in future studies in the aim to generate accurate results. The main advantage of the
ANFIS-based model is higher interpretability. In fact, the ANNs work as a black box, which
might be a disadvantage for these models. Furthermore, support vector machine (SVM)
is another applicable data-driven model that could be applied in future studies. Deep
learning methods are another option to simulate distribution of water quality parameters.
For instance, convolutional neural networks (CNNs) might be an option in this regard. It
seems that engineers face a wide range of models that could be applied in the process of
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prediction or simulation of water quality parameters associated with the remote sensing
data processing.

The main advantage of the present study is development of a model that is able to
simulate water quality distribution in the lakes. Conventionally, hydrodynamic models
such as MIKE 21 could be utilized to generate distribution maps of the water quality
parameters. However, using hydrodynamic models might be arduous. In fact, a significant
drawback of these models might confine their applications in practice. For instance,
considerable computational time is the most significant problem when using hydrodynamic
models. In fact, the engineers need to cover a long-term period or to have numerous
simulations for projects, which demonstrates that utilizing hydrodynamic models is not
a proper solution in this regard. Moreover, the verification process of 2D hydrodynamic
models might be very complex. In other words, changing calibration parameters is required
to generate reliable results using the hydrodynamic models. Many trial and error attempts
might be needed, which is a significant drawback for these models. The system developed
by the present study is a robust alternative for 2D hydrodynamic models for simulating
water quality parameter distribution in lakes. Similarly, the developed system could be
used for coastal regions as well. However, some significant changes might be needed to
develop a data-driven model for coastal regions.

Computational complexities are one of the important limitations in the application
of Al methods. According to the official definition, computational complexities might be
defined as the given time and memory needed by Al methods for optimization of the train-
ing process and simulation of the testing process. High computational complexities might
reduce the applicability of the model considerably. Many are not willing to utilize models
in which remarkable computational time for training or testing is required. Furthermore,
complex models might need significant memory in the training process. The data-driven
system developed in the present study is advantageous in terms of computational com-
plexities. In other words, the developed data-driven model is efficient for the projects. It
should be noted that other types of data-driven models might not be efficient in this regard.
For example, ANFIS-based models might need more time for training processes.

The training method is another aspect in the application of the proposed method. We
applied a known and familiar method for training the model. However, other advanced
models might be useable as well. For example, evolutionary algorithms can be used in
the training process of the models. The previous studies corroborated the applicability
of the classic and new-generation algorithms in the training process of the data-driven
models. Thus, it is recommendable to apply these algorithms in future studies for training
the data-driven model.

The output of the present study demonstrated the strong relationship between chang-
ing the TDS concentration and spectral images. The previous studies corroborated the
applicability of remote sensing analysis for other water quality parameters. Hence, the
proposed model is not only able to simulate TDS concentration for unseen scenarios but
might also be efficient for other water quality parameters, such as nitrogen or phosphate
levels. The proposed method can be utilized for assessing the impact of agricultural de-
velopment in the lake basins. It should be noted that using pesticides in the agricultural
lands is a serious threat to the lakes due to draining agricultural runoff. An increasing
population increases the need for food, which means that an increase in the cultivated
areas is inevitable in future years. The developed method is helpful to investigate the
environmental impact of agricultural development scenarios in which the area and use of
biocides and fertilizers might be changed. In fact, the outputs of simulation tools such as
the soil and water assessment tool (SWAT) can be utilized for the input of the proposed
method to simulate distribution of water quality parameters such as TDS in lakes, as one of
the important inland water ecosystems.

Another application of the proposed method is to investigate the potential impact
of climate change in terms of increasing cultivated area in the future years. Linking
climate change models, assessment tools such as SWAT and the proposed method in
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the present study is valuable for the projection of future environmental impacts on the
lake ecosystems. It seems that the proposed methodology and other similar methods can
improve the application of remote sensing analysis in water resource management. Hence,
it is recommendable to link the proposed system to the optimization system of the water
resources in the future studies. For example, linking the proposed method with reservoir
operation models might be one of the options for simulating artificial lakes.

5. Conclusions

The present study developed an Al method for remote sensing data processing for
simulating TDS concentration distribution in lakes using two optimal neural networks. The
first data-driven model (monitoring model or DM1) was applied to convert the spectral
images to the TDS distribution and is useable for monitoring water quality in the lakes.
Inputs of the first model were the spectral bands of the OLI images by Landsat 8 (band 1 to
band 7). The outputs demonstrated that an ANN in which the number of hidden layers
has been optimized is highly efficient for water quality assessment using remote sensing
analysis. The NSE was more than 0.6, which corroborates the robustness of the model in
terms of monitoring water quality in the lakes. The second data-driven model, with the
same structure as the first model, was developed to simulate TDS distribution in the lake
for unseen scenarios for which no spectral image is available. The inputs of the second
model were the simulated TDS inflow to the lake (mean monthly) as well as the longitude
and latitude of each cell of the spectral image. In fact, the output of the second model is the
TDS distribution map. The system performance analysis for the three tests demonstrated
that the model is robust for simulation of the TDS distribution map for unseen scenarios.
It is recommended to use the proposed model in other case studies and for other water
quality parameters to corroborate its accuracy and efficiency.
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