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Abstract: The management of water resources depends heavily on hydrological prediction, and
advances in machine learning (ML) present prospects for improving predictive modelling capabilities.
This study investigates the use of a variety of widely used machine learning algorithms, such as
CatBoost, ElasticNet, k-Nearest Neighbors (KNN), Lasso, Light Gradient Boosting Machine Regressor
(LGBM), Linear Regression (LR), Multilayer Perceptron (MLP), Random Forest (RF), Ridge, Stochastic
Gradient Descent (SGD), and the Extreme Gradient Boosting Regression Model (XGBoost), to predict
the river inflow of the Garudeshwar watershed, a key element in planning for flood control and
water supply. The substantial engineering feature used in the study, which incorporates temporal
lag and contextual data based on Indian seasons, leads it distinctiveness. The study concludes that
the CatBoost method demonstrated remarkable performance across various metrics, including Mean
Absolute Error (MAE), Root Mean Square Error (RMSE), and R-squared (R?) values, for both training
and testing datasets. This was accomplished by an in-depth investigation and model comparison.
In contrast to CatBoost, XGBoost and LGBM demonstrated a higher percentage of data points with
prediction errors exceeding 35% for moderate inflow numbers above 10,000. CatBoost established
itself as a reliable method for hydrological time-series modelling, easily managing both categorical
and continuous variables, and thereby greatly enhancing prediction accuracy. The results of this
study highlight the value and promise of widely used machine learning algorithms in hydrology and
offer valuable insights for academics and industry professionals.

Keywords: hydrological forecasting; machine learning; streamflow prediction; CatBoost; XGBoost;
river inflow prediction

1. Introduction

Accurate prediction of daily river inflow is essential for effective water resource
management [1]. Inflow predictions play a crucial role in decision-making for water man-
agers and policymakers, influencing water allocation, reservoir operations, flood control
measures, and drought mitigation strategies [2]. Accurate predictions enable optimized
utilization of water resources by providing insights into availability and distribution. Reser-
voir operations rely on accurate inflow predictions to make informed decisions on water
release and storage, considering downstream demands, flood control, and ecological fac-
tors [3,4]. During drought periods, precise inflow predictions help in proactive water
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supply management by implementing conservation measures, water use constraints, and
exploring alternative sources [5]. Accurate inflow predictions support the development of
robust drought management plans, ensuring sustainable water provision for communities
and ecosystems. The use of accurate inflow predictions aids in mitigating risks, optimizing
water storage, and facilitating efficient water resource management practices [6,7].

For estimating streamflow, a variety of techniques have been developed, many of
which are physically based models that rely on experimental and statistical analysis [8].
Physically based streamflow forecasting models are based on certain hydrological hy-
potheses and require a large quantity of hydrological data for calibration [9]. The physical
processes involved in the water cycle, such as interactions between rainfall and runoff and
river routing, are described by these models. However, the accessibility and dependability
of hydrological data could restrict the implementation of these models. Physically based
models require accurate hydrological data as inputs, such as rainfall volume, intensity,
and dispersion [10]. However, obtaining such data can be difficult, particularly in areas
with weak monitoring infrastructure, costly data collection, or convoluted logistics. The
calibration and validation processes of these models are hampered by the absence of precise
and comprehensive hydrological data, which reduces the forecasting accuracy [11].

The advantage of physically based models is that they faithfully represent the hydro-
logical system and the underlying physical processes. These models reveal information
on the mechanics of runoff production and flow dynamics, making them helpful tools
for understanding the behavior of watersheds [12]. They are particularly useful when a
thorough understanding of the physical processes is necessary, like when analyzing how
variations in land use or climatic conditions impact streamflow [13]. However, adopting
physically based models has a number of disadvantages. In addition to the already noted
data constraints, these models frequently need complicated parameterization, which can
be difficult and imprecise. The calibration procedure entails changing model parameters
to suit observed data, and the precision of the calibration is strongly influenced by the
caliber and representativeness of the available data [14]. Unfortunately, this procedure is
costly, involves a lot of work, takes a long time, and requires sample collection. As a result,
scientists are becoming more and more interested in enhancing cutting-edge data-driven
models for predicting streamflow. These models provide a viable alternative, since they
need fewer data and are affordable.

Data-driven models have certain benefits over physically based models. Without using
explicit physical equations, these models may discover patterns and connections directly
from the available data [15]. Since they can handle a variety of input variables and capture
nonlinear interactions, data-driven models are frequently more versatile and flexible [16].
Additionally, they have benefits for streamflow forecasting in data-scarce places, since they
can make reasonably accurate forecasts even with limited hydrological data [17]. Data-
driven models do, however, have certain drawbacks. They lack the ability to represent
the underlying physical processes explicitly, which may limit their interpretability and
generalizability in certain cases [18]. Data-driven models are also sensitive to the quality
and representativeness of the training data. Biases or outliers in the data can significantly
affect the model’s performance, and it may be challenging to identify and address these
issues without a good understanding of the underlying hydrological processes [19,20].

Streamflow predictions may be divided into short-term and long-term predictions,
depending on the time period [21]. For flood control systems, hourly and daily forecasting,
often known as short-term or real-time forecasting, is very valuable [22]. In the case of
a flood, these projections allow for prompt action and decision making. Authorities can
decide on evacuation, emergency response, and resource allocation in accordance with
projections that are provided on an hourly or daily basis [23]. Real-time predictions assist
in keeping an eye on flood-prone areas and sending out early warnings, therefore reducing
the loss of life and property [24]. Long-term forecasting, however, covers the weekly,
monthly, and yearly timescales [25]. It helps in managing irrigation systems, operating
reservoirs, and producing electricity [26]. These projections are essential for controlling
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irrigation systems, maximizing the use of water for agriculture, and preserving ecological
harmony. Furthermore, precise long-term projections aid in the planning of hydropower
generation, permitting the best use of water resources for the development of renewable
energy [27]. Streamflow forecasting has significantly advanced with the introduction
of data-driven models. These models evaluate historical streamflow data and uncover
patterns and correlations using computational methods like machine learning (ML) and
artificial intelligence (AI) [28].

The potential for improving the precision and dependability of daily river inflow
projections is enormous. With the aid of these methods, it is possible to evaluate sizable
amounts of historical data, spot trends, and build intricate connections between meteoro-
logical factors, hydrological parameters, and river inflows [29]. ML models may learn and
generalize from the patterns by being trained on previous data, which enables these models
to produce precise forecasts for upcoming inflow circumstances [30]. The management
of water resources will directly benefit from increasing the daily river inflow projections’
accuracy with ML. The ability to make educated decisions that assure the best possible
use of water resources, reduce the effects of floods and droughts, and promote sustainable
development is a key capability of water managers and policymakers. By utilizing ML
approaches, it can improve the accuracy of inflow predictions and contribute to better
and more efficient methods of managing water resources, which will eventually be ad-
vantageous to society, the environment, and the economy [31]. Artificial neural networks
(ANNS), support vector machines (SVMs), Random Forests (RFs), gradient boosting ma-
chines (GBMs), deep learning (DL) [32], long short-term memory (LSTM) [33], Gaussian
processes (GPs), and physics-informed ML [34,35] are a few ML techniques utilized in
streamflow forecasting. To accurately anticipate streamflow, these techniques take into
account temporal dependencies, manage nonlinear patterns, and capture complicated
linkages. They provide a variety of methods for better water resource management and
impact reduction from floods.

1.1. Literature Review
1.1.1. Traditional Methods for River Inflow Prediction

For predicting river inflows, traditional methods have been applied in the area of
hydrology. Statistical or empirical models based on historical data and certain hydrolog-
ical factors are frequently used in these strategies [36]. Even while these conventional
approaches have proved useful for understanding river inflow patterns and guiding water
resource management decisions, they may have shortcomings in terms of capturing com-
plicated non-linear interactions and managing huge datasets with a variety of influencing
elements [37]. The autoregressive integrated moving average (ARIMA) model is a typical
classical approach [38]. The temporal patterns and trends in data on river inflows may be
captured using ARIMA models, which are often used in time series analysis [39]. They take
into account the moving average (MA) component for accounting for the impact of prior
prediction errors, the integrated (I) component for addressing non-stationary factors, and
the auto-regressive (AR) component for modeling the dependency on previous inflow val-
ues. For predicting river inflow, physical based models like the Soil and Water Assessment
Tool (SWAT) are frequently used in hydrology [40]. These models use elements including
rainfall, land cover, soil properties, and terrain to mimic the hydrological processes, based
on physical principles [41]. SWAT and similar models estimate river inflows by using
mathematical equations to simulate the movement of water through the terrain.

Traditional approaches may have problems capturing non-linear relationships and
managing large, complex datasets, even though they have been effective for hydrological
forecasting. Since they typically rely on assumptions and simplifications of the underlying
mechanics, their accuracy may occasionally be constrained [42]. Additionally, traditional
methods with high labor and computational costs are less suitable for real-time forecasting
applications. To manage these restrictions, researchers have adopted ML techniques, which
provide more adaptability and flexibility in collecting complex patterns and processing
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enormous datasets. By automatically discovering patterns and correlations from data, ML
techniques like ANN, SVM, and RF have shown promise in enhancing the accuracy and
resilience of river inflow estimates.

1.1.2. Machine Learning Approaches for River Inflow Prediction

In recent years, there has been a lot of interest in the ability of ML algorithms to
manage enormous datasets and capture intricate relationships in hydrological systems.
These methods provide a data-driven approach to hydrological modeling, allowing for
the creation of prediction models that are more precise [43,44]. Different ML techniques,
including ANN, SVM, and decision trees, have been used in the context of river flow
prediction to improve forecasting abilities [45,46]. Popular ML models for hydrological
modeling include ANNs. ANNSs are capable of capturing non-linear correlations between
the goal variable of the river flow and the input variables of precipitation, temperature, and
soil moisture [47]. They can generalize from prior data patterns to produce forecasts for
upcoming timespans. Another ML method for predicting river flow is SVM. Finding the
ideal decision boundary that divides several classes or forecasts river flow values based on
input data is the goal of SVM algorithms. SVM models are efficient at capturing complicated
correlations in hydrological processes and can handle high-dimensional data [48-50].

River flow prediction has also used decision trees and their ensemble approaches,
including Random Forests (RFs). These algorithms create decision trees based on past
data and employ them to anticipate future events. In order to increase forecast resilience
and accuracy, RF merges numerous decision trees. It has been applied to streamflow
forecasting to better capture interactions between different hydrological factors [51,52].
In streamflow forecasting, gradient boosting machines (GBMs) like the extreme gradient
boosting regression model (XGBoost) [53] and LGBM [54] have grown in popularity. They
focus on samples with large prediction errors and repeatedly incorporate weak models
to produce a strong predictive model. GBMs are renowned for their capacity to handle
missing data and complicated connections.

A special kind of recurrent neural network (RNN) called long short-term memory
(LSTM) is made for sequential data. For short-term forecasting applications in particular,
LSTMs have proved effective in capturing temporal relationships in streamflow data and
producing precise forecasts [55,56]. Probabilistic models known as Gaussian processes
(GPs) are capable of capturing errors in forecasts of streamflow. They have been applied to
streamflow forecasting to offer not just point predictions but also prediction intervals that
show the forecasts’ level of uncertainty [57]. Hybrid models mix several machine learning
(ML) methods or incorporate ML with physical models [58]. For instance, data assimilation
methods may be applied to merge physically based models with ML methods to increase
prediction accuracy or incorporate actual streamflow data into ML models. To enhance
model performance, [59] created hybrid particle swarm optimization (PSO) and the group
method of data handling for short-term prediction of daily streamflow, [60] developed
ML-based grey wolf optimization for the short-term prediction of streamflows, [61] used
hybrid LSTM-PSO for the streamflow forecast, [62] combined different ML methods for
daily streamflow simulation, and [63] used an LSTM-based DL model for streamflow
forecasting using Kalman filtering.

For predicting river flow, ML techniques provide a number of benefits. They have the
ability to manage non-linear relationships and adjust to shifting hydrological circumstances.
A more thorough investigation of the hydrological processes is possible because of ML
models” ability to handle huge datasets with many impacting elements. Additionally,
ML methods may combine several data sources, such as meteorological data, remote
sensing data, and historical streamflow records, to increase forecast accuracy. But it is
crucial to remember that ML models have their limits as well. For efficient model building,
they need a large volume of high-quality training data. To make sure the models reflect
pertinent hydrological processes, care must be taken in the selection of acceptable input
variables and feature engineering. Additionally, if the training dataset is too short or the
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model complexity is not adequately managed, ML models may experience overfitting. A
variety of machine learning methods, such as CatBoost, ElasticNet, k-Nearest Neighbors
(KNN), Lasso, light gradient-boosting machine regressor (LGBM), Linear Regression (LR),
multilayer perceptron (MLP), Random Forest (RF), Ridge, stochastic gradient descent (SGD),
and the extreme gradient-boosting regression model (XGBoost), have been used to create
models for predicting river inflow in the article. The most efficient method for forecasting
river inflow has been determined after the compared results of their investigations into the
efficacy of each methodology.
This research makes several contributions that highlight its novelty:

a.  Comparative Evaluation: the study provides a comprehensive comparative evalua-
tion of multiple machine learning models for predicting river inflow. While previous
studies have explored individual models, this research systematically compares the
performance of CatBoost, ElasticNet, KNN, Lasso, LGBM, Linear Regression, MLP,
Random Forest, Ridge, SGD, and XGBoost. Such a comprehensive comparative
analysis is novel in the context of river inflow prediction.

b.  Time Series Analysis: the study specifically focuses on time series analysis for river
inflow prediction. Time series data present unique challenges, due to temporal depen-
dencies. By applying different machine learning techniques to this specific domain,
the research contributes to the advancement of time series prediction methodologies
in the context of water resource management.

c. Application to River Inflow Prediction: while machine learning models have been ap-
plied in various domains, their application to river inflow prediction is of significant
importance for water resource management. Predicting river inflow accurately is
crucial for making informed decisions regarding water allocation, flood management,
and hydropower generation.

d.  Performance Evaluation on Multiple Datasets: the study evaluates the performance of
the models on multiple datasets, including training, validation, and testing data. This
comprehensive evaluation provides a robust assessment of the models’ performance
and their ability to generalize to unseen data, contributing to the understanding of
their efficacy in real-world scenarios.

1.2. Objectives of the Study

The primary objective is to develop models for predicting river inflow using the dif-
ferent machine learning methods mentioned, including CatBoost, ElasticNet, k-Nearest
Neighbors (KNN), Lasso, light gradient-boosting machine regressor (LGBM), Linear Re-
gression (LR), multilayer perceptron (MLP), Random Forest (RF), Ridge, stochastic gradient
descent (SGD), and the extreme gradient-boosting regression model (XGBoost). The models
attempt to forecast river inflow based on relevant input characteristics.

2. Methodology and Methods

The steps involved in developing and analyzing a machine learning (ML) model
for predicting daily river inflow are outlined. Several important parts of the procedure
are included. First, data from credible sources are used to compile historical data on
daily river inflow. To guarantee data quality, the obtained data go through preprocessing,
which includes cleaning and addressing missing values. Then, using feature engineering
approaches, pertinent characteristics are extracted, including seasonal and temporal trends.
A piece of the dataset is used to construct and train the models, while a different subset
is used to validate their performance and evaluate their correctness. Common evaluation
metrics, such as mean squared error (MSE), mean absolute error (MAE), root mean squared
error (RMSE), root mean square percentage error (RMSPE) and R-squared (R?), are used to
quantify the model’s performance.

To learn more about the model’s predictive skills and the importance of various
characteristics in predicting river input, the generated data are carefully studied. The
model’s implications for managing water resources are examined, along with suggestions



Water 2023, 15, 2572

6 of 24

for more study and possible practical application. By following this methodology, the study
aims to contribute to the development of a robust and accurate model for daily river inflow
prediction, which can provide valuable insights for effective water resource management
and decision-making processes. Figure 1 shows the flowchart of the methodology of
the study.

Figure 1. Shows the flowchart of the methodology.

2.1. CatBoostRegressor Algorithm

CatBoostRegressor is an ML technique that predicts continuous values using gradient-
boosted decision trees. It is a relatively new algorithm [64]. CatBoostRegressor is known
for its efficiency, precision, and capacity for handling categorical characteristics. In order
for the CatBoostRegressor algorithm to function, a set of weak decision trees must first
be built. A powerful model is then built by combining these trees. Gradient boosting is
the method used to join the trees. Gradient boosting works by adding additional trees to
the model that fix the mistakes created by the earlier trees. To predict continuous values,
CatBoostRegressor applies the following formula, as shown in Equation (1):

y=flx) =Y aihi(x) 1)

where the output function f(x) is a linear combination of the basis functions hi(x), and
coefficients ai define the weight of each basis function in the linear combination; y is the
predicted value, x is the input features.

The gradient descent method is used to calculate the model coefficients. The loss
function must be minimized in the CatBoost. The difference between the values that were
predicted and the actual values is measured by the loss function. A number of regres-
sion problems may be solved with the potent ML method CatBoost. It works especially
effectively for issues involving categorical characteristics.

2.2. k-Nearest Neighbors

The KNN algorithm is a non-parametric regression method used for predicting the
target variable based on the average of the target values of its k nearest neighbors [65]. Here
are the key steps:

Prepare the training data with input features and target values.

Determine the value of k, the number of nearest neighbors to consider.

Calculate the distance between the new data point and the training data points.
Select the k nearest neighbors, based on the distances.

Calculate the target values’ average among the k closest neighbors. Use the average
value as the new data point’s estimated goal value.

AR
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In Equation (2), the target variable prediction formula is shown, where () is the
predicted target value, k is the number of nearest neighbors, and ) y; is the sum of the
target values of the k nearest neighbors.

1
y= %Zyi ()

The k-Neighbors Regressor technique is useful for detecting local patterns, managing
non-linear connections, and making the fewest assumptions possible regarding the distribu-
tion of the data. However, it can be computationally demanding, sensitive to the selection
of k and distance metric, and may call for feature scaling or regularization methods.

2.3. Light Gradient-Boosting Machine Regressor (LGBM)

The effectiveness and adaptability of the LGBM gradient-boosting method are well rec-
ognized. It provides a number of features and enhancements to optimize the performance
of gradient boosting on big datasets [66]. In the data preparation stage of the method, the
training data are divided into input characteristics and target values for regression. Target
values and metric characteristics are recommended. The learning rate, number of trees,
maximum depth, and feature fraction are then initialized. The LGBM model’s behavior
is governed by these variables, which can be changed to enhance performance. Making a
series of decision trees is part of the model creation and training process. A gradient-based
optimization approach that minimizes the loss function is used to construct each tree. The
ensemble of trees is iteratively expanded, and the predictions of the model are modified
in accordance with the gradients of the loss function. After the model has been trained,
additional data points may be predicted by using it. The LGBM method uses a weighted
sum to aggregate the forecasts from each tree in the ensemble. During the training phase,
the weights are chosen depending on the gradients of the loss function. In LGBM, the target
variable may be predicted using the following formula:

9 =) aihi(x) (©)]

where ai indicates the weight given to the ith tree, i predicts the target value, and hi(x) the
prediction of the ith tree for the input characteristics x. The LGBM can capture complex non-
linear correlations between characteristics and the target variable, is quite effective, and can
handle enormous datasets. The loss function is optimized via gradient-based optimization,
which creates an ensemble of trees that collectively provide precise predictions.

2.4. Linear Regression (LR)

LR method that deals with a set of records having X and Y values. These values are
utilized to learn a function that can predict Y for an unknown X. In regression, the aim is
to find the value of Y, given that XY is continuous. Here, Y is referred to as the criterion
variable, and X is called the predictor variable. Different types of functions or models can
be employed for regression, wherein a linear function is the simplest one [67]. In this case,
X can be a single or multiple features that represent the problem.

Y=C+C xX (4)

where, X = input training data, Y = predicted value of Y for a given X, C; = intercept, and
C, = coefficient of X. Once the optimal values of C; and C; are determined, the best fit line
can be obtained.

2.5. Multilayer Perceptron

The Multilayer Perceptron (MLP) is a sort of artificial neural network that is made up
of several layers of linked nodes, or neurons [68]. Since it is a feed-forward neural network,
data goes from the input layer to the hidden layers and finally to the output layer. Each
neuron in the MLP conducts a weighted sum of its inputs, applies an activation function to
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the sum, and then transmits the outcome to the neurons in the next layer. The following is
a description of the MLP:

(@) Assign random weights to the connections between the neurons as part of the initial-
ization process.

(b) The input layer: Take in input data and send them to the top-most hidden layer.

(c) Hidden layers: Each hidden layer neuron computes the weighted sum of its inputs
using the current weights and then applies an activation function (such as a sigmoid)
to the sum.

(d) Output layer: The neurons in the output layer compute the same activation function
and weighted sum as the neurons in the hidden layers.

(e) The MLP’s final output is derived from the neurons in the output layer.

During the training phase, the MLP’s weights are modified using optimization meth-
ods like gradient descent. A loss function that calculates the difference between the output
that was expected and the output that was actually produced must be minimized. In
order to produce predictions or categorize data based on fresh input, the MLP must first
understand the underlying patterns and relationships in the data.

2.6. Random Forest

Random Forest (RF) is a highly accurate and versatile regression model widely used
in ML. It belongs to the ensemble learning category, where multiple decision trees are built
during the training phase. Each tree predicts the mean value of the target variable [69]. The
steps involved in the Random Forest algorithm are as follows:

1. Random Subset Selection: a random subset of data points is chosen from the training
set. This subset typically contains a fraction of the total data points, denoted by ‘p’.

2. Construction of a Decision Tree: using the subset of data points that was chosen, a
decision tree is built. This procedure is repeated using various subsets of the data for
a total of ‘N trees.

3. Prediction Aggregation: each of the ‘N’ decision trees predicts the value of the target
variable for a new data point. The outcomes of all the predictions from the trees are
averaged to provide the final forecast.

When using environmental input factors to forecast rainfall data, Random Forest is
highly effective. The technique uses the combined predictive capability of the trees to
decide the resultant class by creating a large number of decision trees during training. It is
known for its effectiveness in handling large datasets and can produce reliable results even
when dealing with missing data.

2.7. Lasso

Lasso, also known as L1 regularization, is a linear regression model that adds a penalty
term based on the L1 norm of the coefficients [70]. It is used to encourage sparsity in the
coefficient values, effectively performing feature selection by driving some coefficients to
exactly zero. The formula for Lasso regression can be represented as follows:

Yy =Po+ P1x1+ Paxa+ ...+ Bpxp @)

In addition to the mean squared error (MSE) factor, the objective function of Lasso
regression also contains a regularization term:

Lasso Objective Function = MSE + «a x L1 Norm (6)

where y stands for the dependent variable, and the independent variables (input charac-
teristics) are represented by x1, x2, ..., and xp. The independent variables” coefficients
(parameters) are Bo, B1, B2, - - , Bp- The L1 regularization’s strength is determined by the
regularization parameter, which is «. It chooses the appropriate ratio between punishing
the size of the coefficients (L1 norm) and fitting the training data (MSE term).
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The objective function’s L1 norm term is calculated as the sum of the absolute values
of the coefficients.
L1 Norm =|B1|+|Ba|+ - .- +|Bp| (7)

Lasso regression searches for the best values of the coefficients to minimize the MSE
term while maintaining the L1 norm term as minimal as possible by minimizing the goal
function. Thus, certain coefficients may be reduced to absolute zero, thus removing the
related characteristics from the model. Because of this characteristic, Lasso regression may
be used to handle high-dimensional datasets and feature selection.

2.8. Ridge

Ridge regression is an ML method frequently applied to regression analysis in the
context of supervised learning. Regression analysis frequently uses Ridge regression,
commonly referred to as Tikhonov regularization, to address the multicollinearity and
overfitting issues [71]. It is an extension of ordinary least squares (OLS) regression that
modifies the loss function by including a punishment component. The Ridge regression
formula is as follows:

minimize = ||Y — Xp||* + A||p[* ®)

Here, the target variable is denoted by Y, the predictor variables are denoted by X,
the coefficients are denoted by S, the regularization parameter is denoted by A controlling
how much shrinkage is done to the coefficients, and the Euclidean norm is denoted by ||B||.
Ridge regression seeks to reduce the sum of squared discrepancies between predicted and

observed values (Y — X), while also penalizing the size of the coefficients (|| 8|?).

2.9. ElasticNet

ElasticNet is a linear regression model that combines the L1 (Lasso) and L2 (Ridge) reg-
ularization techniques [72]. It is designed to overcome some limitations of each individual
method by introducing a penalty term that includes both L1 and L2 norms.

The formula for ElasticNet regression can be represented as follows:

y:ﬁo+ﬁ1x1+ﬁ2x2+...+ﬁpxp 9)

The objective function of ElasticNet includes two regularization terms, one for L1 regu-
larization and another for L2 regularization, along with the mean squared error (MSE) term:

ElasticNet Objective Function = MSE + a * [A1 x L1 Norm + Ay * L2 Norm] (10)

where y represents the dependent variable (the target variable we want to predict). x1,
X, ..., Xp represent the independent variables (input features). Bo, B1,B2, ..., Pp are
the coefficients (parameters) of the independent variables. « is the mixing parameter
that controls the balance between L1 and L2 regularization. It is between 0 and 1. Ridge
regression is represented by a value of & = 0, Lasso regression is represented by a value of
« =1, and values in between represent a mixture of both. The regularization parameters A;
and A, regulate the potency of L1 regularization and L2 regularization, respectively.

2.10. Stochastic Gradient Descent (SGD) Regressor

For regression challenges, ML algorithms like the Stochastic Gradient Descent (SGD)
Regressor are utilized. It is a modification of the common Gradient Descent technique and
is especially helpful in cases involving online and massively multi-user learning [73]. A
randomly chosen subset of training data (mini-batches) is used to iteratively update the
model’s parameters via the SGD Regressor. It is computationally effective and appropriate
for big datasets, since it calculates the gradients of the loss function with respect to the
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model’s parameters using just the samples in the mini-batch. The SGD Regressor’s update
formula for the model’s parameters is the same as the normal SGD’s:

0 _new = 0_old — ax V](0_old; x;,y;) (11)

Here, the parameters of the model are represented by their current values (6_old),
their updated values (6_new), the learning rate («), the gradient of the loss function | with
respect to the parameters evaluated at the current parameter values (J(0_old; x;, y;)), and
one training example (x;, ;). To achieve optimal convergence and performance, it is crucial
to carefully choose the learning rate and mini-batch size. Additionally, the performance and
stability of the algorithm may be enhanced by using strategies like learning rate schedules,
momentum, and regularization. The SGD Regressor works well when faced with massive
data volumes, high-dimensional feature spaces, and a steady stream of new data.

2.11. Extreme Gradient-Boosting Regression Model (XGBoost)

XGBoost is a regression model, a potent ensemble learning technique which uses
gradient boosting and decision trees to make precise predictions. The XGBoost approach
delivers a variety of performance-improving improvements while sharing a similar struc-
ture with other gradient-boosting regressors [74]. The XGBoost algorithm is described in
the sections below:

1.  Choosing the XGBoost model’s parameters, such as the learning rate, the number of
trees, the maximum depth, and the feature fraction, is the step-one process. These
variables can be altered to improve performance and regulate how the model behaves.

2. Create the model and train it: the XGBoost model is produced by the construction
of several decision trees. A gradient-based optimization technique that minimizes
the loss function is used to build each tree. The ensemble of trees is continuously
expanded throughout the training phase, and predictions are updated in line with
gradients in the loss function.

3. After model training, the model may be used to make predictions about fresh data
points. The XGBoost method incorporates the predictions from each tree in the en-
semble to obtain the final regression prediction. The particular method for combining
the predictions is determined by the loss function that is used.

3. Model Training and Validation

Model training and validation are crucial steps in the machine learning process. In
these stages, a dataset is modelled for training, and the model’s effectiveness is assessed on
a separate dataset for validation. The goal is to develop a model that accurately predicts the
future and generalizes well to new inputs. The model training and validation procedure is
summarized as follows:

1.  Data Split: a training set, a validation set, and a test set are each provided as separate
datasets. The model is trained using the training set. The validation set is used to
fine-tune the model and assess model performance throughout training, whereas the
test set is used to measure the trained model’s final performance on unseen data.

2. Model Selection: select the most effective model architecture or machine learning
technique for the particular job. The kind of data, the task (classification, regression,
etc.), and the resources available are all factors in the model selection process.

3. Model Training: develop the selected model using the training dataset. During the
training phase, the model parameters are frequently repeatedly improved in order
to minimize a chosen loss or error function. In order to do this, training data are fed
into the model, predictions are generated and compared to actual values, and model
parameters are updated, depending on computed errors. This procedure continues
until a convergence requirement is satisfied, after a certain number of epochs.

4. Model Evaluation: using the validation dataset, evaluate how well the trained model
performed. The validation data is used to generate predictions, which are then
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compared to the actual results. There are several assessment measures employed,
including mean squared error (MSE), mean absolute error (MAE), root mean square
error (RMSE), root mean square percent error (RMSPE), and R-squared (R?) [75].

MSE = (1/n) * Y [(yi — 9:)°] (12)

MAE = (1/n) Y _|y; — #i (13)

RMSE = \/(MSE) = /[(1/n) * }_[(yi — 9:)*]] (14)
RMSPE = /[(1/n) Y [((yi — §:) /)" ]] (15)
R =1— (Y [(vi =91/ Ll —9)*]) (16)

where the overall number of data points is n. The dependent variable’s actual (observed)
value for the ith data point is represented by y;. The predicted value of the dependent
variable for the ith data point is represented by ;. & stands for the total sum, or the sum of
the squared differences for each data point. The dependent variable’s mean is represented
by the symbol v.

5. Iterative Refinement: to enhance performance, modify the model architecture or data
preparation stages based on the evaluation findings. Until a suitable performance is
attained, this iterative procedure is continued.

6.  Final Assessment: after the model has been adjusted, its performance is evaluated
using the test dataset, which simulates unseen data. This offers a neutral assessment
of how well the model performs in realistic situations.

To guarantee accurate and trustworthy model training and assessment, it is crucial
to remember that correct data preparation, including managing missing values, feature
scaling, and controlling class imbalance, should be carried out during the training and
validation process. These processes may be efficiently used to train, validate, and assess
machine learning models, in order to create reliable and accurate prediction models.

4. Study Area, Data Collection and Preprocessing
4.1. Study Area

One of the largest rivers in central India, the Narmada River, passes through the states
of Gujarat, Maharashtra, and Madhya Pradesh. The significance of it for ecology, history,
and culture is widely known. Hindus adore the river’s waters and a variety of flora and
animals call it home. In the Narmada River basin, the Garudeshwar gauging station is an
important study location. The gauging station serves as a monitoring station for identifying
and analyzing the river’s different hydrological properties. It is located close to the Gujarat
town of Garudeshwar. The primary duty of the Garudeshwar gauging station is to gauge
and track the water levels and flow rates of the Narmada River. The gauging station
is equipped with instruments that gather data on a variety of elements, such as water
level, discharge, and velocity. The research region around a gauging station is frequently
defined by the gauging station’s measurement range of impact. This might alter, based on
the objectives of the research specifically or the requirements of the water management
authority. The research region may extend both upstream and downstream of the gauging
station in order to completely comprehend the hydrological characteristics and dynamics
of the river. Researchers, hydrologists, and managers of water resources routinely evaluate
water availability, look into flood patterns, and make informed judgments regarding water
distribution and management using the data collected from the gauging station and the
study region. An overview of watershed areas and their placement on a map of India is
shown in Figure 2.
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Figure 2. Shows the Garudeshwar watershed area.

4.2. Data Collection

Daily river inflow measurements in cubic meters per second were gathered from a
river gauge station and utilized as the dataset for this investigation. The data, which span
the years 1980 to 2019, were gathered from India’s Water Resources Information System
(WRIS) for the time series analysis. A thorough record of the river’s inflow across time is
provided by the dataset, allowing for examination of flow fluctuations and trends. Table 1
shows the descriptive statistics of the data.

Table 1. Descriptive statistics of data.

Flow
Mean 784.8985221
Standard Error 18.28637548
Median 184.0000428
Mode 23.19005239
Standard Deviation 2210.307722
Sample Variance 4,885,460.225
Kurtosis 128.7110287
Skewness 8.786730848
Range 60,640.72647
Minimum 1.270052203
Maximum 60,641.99652

4.3. Techniques for Preprocessing Data

Several preprocessing procedures can be used for the dataset from the Garudeshwar
gauging station in order to guarantee the correctness and dependability of the data. To
resolve errors, outliers, and missing numbers, the data must first be cleaned. This procedure
comprises validation, cross-checking with trustworthy sources, and using statistical tech-
niques and subject-matter expertise to spot and fix flaws and inconsistencies. Depending
on their relevance, outliers can either be corrected or removed. The dataset’s integrity
can be preserved by imputing missing values using techniques like mean imputation or
interpolation. To improve the models’ ability to anticipate outcomes, feature engineering
approaches can be used. This entails generating fresh features from preexisting variables. In
the context of predicting river inflow, temporal characteristics can be derived from the date
variable to identify trends in the data. Lagged features, which represent past inflow values,
will also be generated to capture the influence of historical data on future predictions. The
first seven days of 1980 (from 1 January to 7 January) are not taken into account to create
lagged characteristics, so data here is available from 8 January 1980 to 31 December 2019.
Also, no outliers and all peak data points have been taken into account, since there is no
elimination of any data points.
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An augmented Dickey—-Fuller (ADF) statistic is used to check the stationarity or non-
stationarity of the data. The ADF statistic is a test statistic used in time series analysis
to determine the presence of a unit root in the data. The unit root refers to the presence
of a stochastic trend that can cause non-stationarity in the series. If the series is found
to be stationary, it implies that there is no significant linear trend present. In the given
scenario, the ADF statistic has a value of —13.045793. This indicates a highly negative value,
suggesting strong evidence against the presence of a unit root in the data. The p-value
associated with the ADF statistic is reported as zero, which further supports the rejection of
the null hypothesis of a unit root. To assess the significance level of the ADF statistic, critical
values are considered. The critical values at 1%, 5%, and 10% significance levels are —3.431,
—2.862, and —2.567, respectively. Since the ADF statistic value of —13.045793 is much lower
(in absolute terms) than these critical values, it can conclude that the data is statistically
significant and the result of the ADF statistic is shown in Figure 3. Therefore, based on the
ADF statistic and its associated p-value, we can infer that the data under consideration are
stationary. Stationary data implies that the statistical properties of the series, such as mean,
variance, and autocorrelation, remain constant over time. This is an important characteristic
for many time series analysis techniques and modeling approaches. It is significant to note
that, depending on the location and features of the area under examination, the stationarity
of river flow series might change. River flow series do occasionally display stationary
qualities, despite the fact that seasonal patterns, trends, and other variables frequently
cause river flow series to behave in a non-stationary manner. The particular location under
consideration in this study may have unique characteristics that contribute to the observed
stationarity. The stationarity of river flow series can be influenced by elements including the
hydrological parameters of the river basin, climatic circumstances, land use patterns, and
water management techniques. Furthermore, it is worth mentioning that even if the river
flow series is stationary, it does not imply that the series is entirely predictable or that it
lacks variability. The presence of other forms of variability, such as short-term fluctuations
or irregular patterns, can still exist within a stationary series.

ADF Statistic: -13.045793
p-value: ©.000000
Critical Values:

1%: -3.431
5%: -2.862
10%: -2.567

Data is stationary

Figure 3. Shows the result of the ADF statistic.

The original time series, trend, seasonality, and residual time series are displayed
in Figure 4. With regard to the combined influences of trend, seasonality, and random
fluctuations, the original data offer a thorough assessment of the real observations. The
long-term, regular movement or direction of the river flow is represented by the trend
flow component. It shows if the flow is increasing or decreasing over time. It can observe
the general behavior of the river flow and spot any enduring alterations by focusing on
the trend. In this instance, the trend flow indicates a declining pattern in the data of
the river flow. This information is helpful in determining the general trend and making
future plans for the management of water resources. Seasonality describes recurring,
predictable fluctuations that take place at predetermined times. Seasonality in the context
of river flow refers to regular patterns or fluctuations that take place over the course
of a year. By examining the seasonality component, it locates any recurring patterns in
the river flow data. In this case, the seasonality component varies by up to 4000 m3/s,
demonstrating that the river flow displays significant patterns and changes throughout the
year. Understanding seasonality can aid in forecasting future flow patterns and preparing
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for the demands placed on water resources throughout particular seasons. The residuals
are the variations between the values that were seen and those that were anticipated by
the trend and seasonality components. They stand for the arbitrary and unpredictable
variations in river flow that neither trends nor seasonality can account for. Any remaining
anomalies or out-of-the-ordinary events in the data can be understood by analyzing the
residuals. The residuals allow us to determine the trend and seasonality components’
goodness of fit as well as any other variables affecting the river flow.

Figure 4. Original time series, trend, seasonality and residuals.

4.3.1. Creating Lagged Features

When working with time series data, the idea of “lagged features” is very pertinent. A
value from a previous time period is a lagged characteristic from a time series. A lagged
characteristic may be the river input from today, yesterday, or even a week ago if we are
forecasting river inflow for tomorrow. These are known, correspondingly, as lag-1, lag-2,
and lag-7 characteristics. Lagged features can be used to capture the temporal relationships
present in the data. In other words, they offer a method of providing the model with
information about previous values, which may be useful for forecasting future values.
The lag order, which refers to the number of lagged data to include, is often established
empirically, frequently by employing methods like autocorrelation plots or depending on
domain knowledge. For this study, lagged features are implemented according to domain
knowledge; daily data of a week are taken to predict next-day data.

4.3.2. Date Feature Engineering

The development of date features was a crucial preprocessing step in this work. In
order to do this, more pertinent information must be extracted from the timestamp data.
The study’s date characteristics included the weekday, the month, the Indian month, and
the Indian season. These elements were included because they may have a large impact on
river input. For instance, because of weather patterns, some months or seasons may see
higher or lesser influx. Depending on the timestamp’s data format, different processes can
be used to create various properties. Before these properties can be retrieved, the timestamp
may need to be transformed from a string format into a datetime object. Once the features
are finished, they may be used as any other model input.
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4.3.3. One-Hot Encoding

One-hot encoding is the last preprocessing step. Categorical variables are handled
using this technique. The categorical data must be translated into a format that can be
used by these methods, since many machine learning algorithms cannot deal directly
with categorical data. One-hot encoding is a typical method. Each distinct category of
a categorical variable is represented as a binary vector in one-hot encoding. One-hot
encoding would produce seven new features (one for each day of the week) if, for instance,
the feature “day of the week” had seven categories (Monday, Tuesday, ..., Sunday). If
Monday were the day of the week, “Monday” would have a value of 1, while all other
days would have a value of 0. If the day was Tuesday, the “Tuesday” feature would be set
to 1, and all other day features would be set to 0, and so on. One-hot encoding completely
eliminates any ordinal link between categories (i.e., it prevents the model from assuming
that “Monday” is less than “Tuesday” just because we encode Monday as 1 and Tuesday
as 2). This is advantageous when there is no ordinal link between the categories, as there is
when talking about the days of the week, months, or seasons.

5. Model Preparation

In this investigation, the data were divided into training, validation, and test sets
using a time series split. The temporal order of the observations is crucial in time series
data; therefore, this approach of data splitting is very appropriate. The data are separated
into time periods in a time series split. The earliest observations make up the training set,
the sequence observations make up the validation set, and the latest observations make up
the test set. This makes sure that each piece of data accurately depicts the chronological
order of the actual occurrences. It is crucial to keep in mind that time series splits preserve
the temporal dependencies and autocorrelation inherent in time series data, unlike random
splits, which forbid the inclusion of any future data in the training set. On the basis of the
patterns found in the historical data, the models were trained on the training set to predict
the target variable. The models were then tested on the validation set, which contained
data that were not utilized during training but temporally followed the training period.
This stage allowed us to retain the data’s chronological integrity while monitoring the
models’ performance on previously unknown data and making any required adjustments.
The test set, which represented the most current data in the series, was used to evaluate
the models. This provided a fair assessment of the models” performance on brand-new,
previously unobserved data, and an estimate of how well the models would perform when
making predictions about upcoming real-world data. To retain the temporal structure of
the data while assessing the predictive performance of our models by using a time series
split, guaranteed that the models had the capacity to provide accurate future projections.

6. Results and Discussion

The prediction models in this research were meticulously evaluated, offering insightful
information. Several machine learning models, including CatBoost, ElasticNet, KNN, Lasso,
LGBM, Linear Regression, MLP, Random Forest, Ridge, SGD, and XGBoost, were assessed
for their ability to predict river inflow. A range of error metrics and R-squared values were
used to evaluate their performance.

6.1. Performance Metrics of Training Data

The performance indicators for several models based on training data are shown
in Table 2. Each model is assessed using the metrics of MAE, MSE, RMSE, RMSPE, and
R2. These metrics evaluate each model’s performance on the training data. Higher R?
values indicate a better fit of the model to the data, while lower MAE, MSE, RMSE, and
RMSPE values denote superior performance. A comparison of the models in Table 2 reveals
that CatBoost, XGBoost, and RF demonstrate improved prediction accuracy and model
fit on the training data, due to their lower MAE, MSE, RMSE, RMSPE values and high R2.
ElasticNet, KNN, Lasso, LR, MLP, Ridge, and SGD perform less effectively on the training
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data, having lower R? and higher MAE, MSE, RMSE, RMSPE values. LGBM also performs
well, exhibiting relatively low values across all the criteria. Models with the lowest errors
(MAE, MSE, RMSE, RMSPE), highest R?, and best performance on the training data are
CatBoost, XGBoost, and RF. These models fit the training data well, and have excellent
predictive capabilities. It is crucial to note that a model’s performance on training data
might not necessarily generalize to new data. Therefore, further assessment of the models’
overall performance using validation and test data is necessary to select the most suitable
model for prediction tasks.

Table 2. Performance metrics for various models on the training data.

Sr No. Model MAE_Train MSE Train RMSE Train RMSPE_Train R2? Train

1 CatBoost 124.89 131,672.45 362.87 150.28 0.98
2 ElasticNet 414.90 2,304,350.42 1518.01 853.11 0.61
3 KNN 320.95 1,773,732.98 1331.82 310.48 0.70
4 Lasso 327.18 1,923,781.45 1387.00 568.25 0.67
5 LGBM 215.89 863,329.16 929.16 256.82 0.85
6 LR 434.94 1,979,323.29 1406.88 1005.55 0.67
7 MLP 298.63 1,599,712.13 1264.80 276.29 0.73
8 RF 117.58 332,086.13 576.27 295.72 0.94
9 Ridge 330.27 1,923,316.06 1386.84 584.78 0.68
10 SGD 366.52 1,973,385.04 1404.77 980.74 0.67
11 XGBoost 75.04 38,693.90 196.71 142.99 0.99

Bold value shows the better solution.

6.2. Performance Metrics of Validation Data

The performance characteristics of several models on the validation data are displayed
in Table 3. For each model, the metrics are MAE, MSE, RMSE, RMSPE, and R2. After
reviewing the performance of the models using validation data, the following conclusions
can be drawn: LGBM, Lasso, MLP, and Ridge perform better on the validation data as a
result of having comparatively lower values for MAE, MSE, RMSE, RMSPE, and higher
R2. CatBoost, ElasticNet, LR, RF, SGD, and XGBoost also exhibit acceptable performance,
with moderate metric values. KNN performs poorly on the validation data, with higher
values for MAE, MSE, RMSE, RMSPE, and lower R?. LGBM, Lasso, MLP, and Ridge
outperform the other models on the validation data. Their continuously decreased errors
(MAE, MSE, RMSE, and RMSPE) and improved R2 on the validation set indicate increased
model fit and prediction accuracy. However, it is crucial to consider the possibility that
model performance on the validation data may not generalize to new data. Therefore,
additional testing on other datasets, such as a different test set, is required.

Table 3. Performance metrics for various models on the validation data.

Sr No. Model MAE_Val MSE_Val RMSE_Val RMSPE_Val R% Val

1 CatBoost 261.90 1,430,686.30 1196.11 346.56 0.65
2 ElasticNet 385.08 1,555,769.49 1247.30 778.53 0.61
3 KNN 329.22 1,960,894.83 1400.32 446.31 0.51
4 Lasso 293.32 1,156,911.27 1075.60 538.62 0.71
5 LGBM 243.10 1,181,938.31 1087.17 287.91 0.71
6 LR 393.23 1,194,250.83 1092.82 992.99 0.70
7 MLP 249.45 1,069,732.66 1034.28 307.27 0.73
8 RF 259.75 1,386,585.60 1177.53 368.38 0.66
9 Ridge 296.56 1,157,972.15 1076.09 579.68 0.71
10 SGD 345.98 1,183,130.23 1087.72 908.38 0.71
11 XGBoost 264.54 1,349,874.60 1161.84 419.95 0.67

Bold value shows the better solution.
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6.3. Performance Metrics of Testing Data

The performance metrics of several models on the testing data are shown in Table 4.
For each model, the metrics are MAE, MSE, RMSE, RMSPE, and R?. The following findings
may be drawn from examining how well the models performed on the testing data: with
lower MAE, MSE, RMSE, and RMSPE values and greater R?, LGBM, CatBoost, and MLP
demonstrate improved performance on the test data. In addition to ElasticNet, Lasso, RF,
Ridge, XGBoost, and others exhibit acceptable performance, with modest values for the
metrics. The MAE, MSE, RMSE, RMSPE, and lower R? values for KNN, LR, and SGD are
comparatively greater, indicating poor performance on the testing data. LGBM, CatBoost,
and MLP perform better on the testing data when compared to the other models. They
routinely achieve reduced errors (MAE, MSE, RMSE, RMSPE), greater R?, and better model
fit on the testing set, all of which indicate enhanced prediction accuracy.

Table 4. Performance metrics for various models on the testing data.

Sr No. Model MAE_Test MSE_Test RMSE_Test RMSPE_Test R? Test
1 CatBoost 108.24 135,853.97 368.58 327.13 0.66
2 ElasticNet 267.84 195,282.23 44191 1308.04 0.52
3 KNN 163.42 257,940.28 507.88 1067.24 0.36
4 Lasso 183.20 141,977.14 376.80 959.14 0.65
5 LGBM 105.68 115,456.65 339.79 332.76 0.71
6 LR 292.27 209,780.42 458.02 1424.00 0.48
7 MLP 131.03 123,120.76 350.89 466.30 0.69
8 RF 123.84 152,710.94 390.78 831.76 0.62
9 Ridge 187.82 146,634.81 382.93 996.15 0.64

10 SGD 252.24 195,665.92 442 .34 1451.56 0.51
11 XGBoost 129.03 171,242.26 413.81 1102.39 0.58

Bold value shows the better solution.

6.4. Comparison of the Models

A comparison of the performance metrics across the three datasets (training, validation,
and testing) was conducted to identify the best-performing model. The performance
measures from each of the Tables 2—4 were observed.

a. Training Data: XGBoost has the highest R? and the lowest MAE, MSE, RMSE, and
RMSPE values, indicating the best performance on the training data. The time series
prediction for XGBoost is shown in Figure 5, where predicted streamflow inflows
are depicted alongside the actual data. The fundamental patterns and fluctuations in
streamflow across the dataset are largely captured by the XGBoost model, as can be
seen in this figure.

b.  Validation Data: the LGBM model has the highest R? and the lowest MAE, MSE,
RMSE, and RMSPE values, demonstrating the best performance on the validation
data. The time series prediction for LGBM against the actual data is shown in Figure 6.

C. Testing Data: LGBM has the highest R? and the lowest MAE, MSE, and RMSE values,
showing the best performance on the testing data.

The study’s findings provide strong evidence regarding the performance of different
models on various datasets, with noticeable differences potentially attributable to overfit-
ting or underfitting. In particular, the results suggest that XGBoost may have overfit the
training dataset, resulting in less impressive performance on the test dataset, despite its
excellent performance on the training data. Conversely, LGBM performed better on both
the validation and testing datasets, suggesting its ability to generalize well to unseen data,
although it showed poorer performance on the training set.
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Figure 5. Time-series prediction for the XGBoost.

Figure 6. Time series prediction for the LGBM.

Among all, the CatBoost model demonstrated reliable generalization ability, show-
cased by its robust performance on the training and testing datasets. This suggests that
CatBoost is capable of producing accurate predictions even for novel and untested data,
as illustrated in Figure 7. However, based on these results, it remains challenging to

definitively determine which model performed best in this study.
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Figure 7. Time series prediction for the CatBoost.

For clearer understanding, scatter plots (shown in Figures 8-10) were generated to
illustrate the correlation between the predicted and actual streamflow inflow for XGBoost,
LGBM, and CatBoost. An examination of these figures reveals that most data points indicate
an error of less than 10% for larger inflow values and less than 20% for moderate inflow
levels. In contrast, both XGBoost and LGBM show a higher percentage of data points with
errors exceeding 35% for moderate inflow levels above 10,000. Similarly, for CatBoost,
inflow levels below 6000 exhibit a larger error rate, of about 35%. It is crucial to note that
these lower inflow levels were not the primary focus of this investigation.

Figure 8. Scatter plots of streamflow prediction for the XGBoost.
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Figure 9. Scatter plots of streamflow prediction for the LGBM.

Figure 10. Scatter plots of streamflow prediction for the CatBoost.

Additionally, as demonstrated in Figure 8, XGBoost not only exhibits evidence of
overfitting to the training data but also generates inaccurate predictions for higher inflow
values in the test data. This raises questions about the accuracy of XGBoost’s predictive
capabilities under certain circumstances. However, as illustrated in Figure 9, LGBM
struggles to accurately predict key factors related to higher inflow levels.

Taking all these factors into account, it can be confidently stated that the CatBoost
model outperforms both XGBoost and LGBM in terms of robustness and reliability for
inflow predictions. CatBoost is a particularly suitable choice for applications requiring



Water 2023, 15, 2572

21 of 24

accurate prediction of inflow quantities under specific circumstances. In summary, CatBoost
emerges as the most reliable model and a viable option for predicting inflow.

6.5. Limitations of the Study

While the study has provided a comprehensive analysis of various machine learning
models for river inflow prediction and identified the most reliable model, it is indeed
essential to address the limitations of the study.

(@) One limitation of our research is the reliance on a specific dataset from the Garudesh-
war gauging station. The generalizability of the findings may be limited to this
particular location, and may not directly apply to other river systems. Future stud-
ies should consider incorporating data from multiple gauging stations or rivers to
validate the performance of the models across different regions.

(b) Another limitation is the time frame of the dataset used in the study, which spans
from 1980 to 2019. Although this provides a substantial historical perspective, it may
not capture recent changes or evolving patterns in river inflow. Incorporating more
up-to-date data would enhance the accuracy and relevance of the predictions.

(c) Additionally, the study focused primarily on machine learning models and did not
consider other factors that could influence river inflow, such as climate change, land
use changes, or anthropogenic activities. Incorporating these factors into the model-
ing process may provide a more comprehensive understanding of the dynamics of
river inflow.

(d) Lastly, the performance of the models may be influenced by the quality and complete-
ness of the data. Data quality issues, such as measurement errors, could impact the
accuracy of the predictions. It is crucial for future research to address data preprocess-
ing and quality control techniques to mitigate such limitations.

7. Conclusions

To effectively manage water resources, this study compared the efficacy of several
machine learning models for predicting river inflow. Models including CatBoost, ElasticNet,
KNN, Lasso, LGBM, LR, MLP, RF, Ridge, SGD, and XGBoost were all investigated. CatBoost
consistently outperformed other models across all three datasets, displaying remarkable
performance across various metrics. It achieved impressive R? values on both the training
and validation data, demonstrating a strong fit to the data and accurately capturing the
variation in the target variable. Additionally, it performed well on the testing data, with
relatively low MAE and RMSE values. LGBM also performed well across all three datasets,
achieving competitive results for MAE, MSE, RMSE, and R? on both the testing and
validation data, and demonstrated reasonable MAE and RMSE on the testing data. LGBM,
renowned for its effective gradient-boosting implementation and its ability to handle large
datasets and capture intricate correlations, showcased these strengths in this study. Results
from XGBoost were encouraging, especially when applied to the training and validation
data. It achieved the lowest MAE, MSE, RMSE, and RMSPE values on the training set,
demonstrating an excellent fit. It also displayed reasonably low MAE and RMSE on the
validation data, indicating strong generalization. However, it performed somewhat worse
than CatBoost and LGBM in terms of R? scores on the testing data. Based on careful
investigation and comparison from error plots, CatBoost was determined to have the
best performance among the models. CatBoost performed optimally on the test data,
demonstrating its ability to make accurate predictions on new, unseen data. Future studies
should explore ensemble approaches, which combine the strengths of multiple models to
enhance prediction accuracy. Incorporating domain knowledge and additional pertinent
factors may also improve the performance of the models. To maintain the efficacy of these
models in hydrological forecasting, continuous updating of the models with fresh data will
be necessary.
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