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been used for streamflow forecasting, there is a new way to explore them. This manu-
script reviews the recent (2011-2023) applications of DDAI in streamflow prediction.
It provides a background of DDAI-based techniques, including machine learning al-
gorithms and methods for pre-processing the data and optimizing or enhancing the
machine learning approaches. We also explore the applications of DDAI techniques in
streamflow forecasting. Finally, the most common tools for utilizing DDAI techniques

in streamflow forecasting are presented.
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1 | INTRODUCTION

With climate change and population growth, the essential phenomenon on earth (water) has been significantly under threat in the last few
decades. According to the most recent Intergovernmental Panel on Climate Change (IPCC) studies on climate change (Masson-Delmotte
et al., 2021), the weather extremes we are seeing now (heatwaves, heavy rainfall, and droughts) are getting more intense and more frequent,

directly linked to our emissions of greenhouse gases. This interpretation emphasizes that there will be more climate change/variability in the

Abbreviations: Al, artificial intelligence; ANFIS, adaptive neuro-fuzzy inference system; ANN, artificial neural network; BA, bat algorithm; CPN, counterpropagation network; DDA,
data-driven artificial intelligence; DL, deep learning; DWT, discrete wavelet transform; EC, evolutionary computation; ENSO, El Nifio Southern Oscillation; FFA, firefly optimization
algorithm; FFNN, feedforward neural network; FFS, forward feature selection; FL, fuzzy logic; FS, fuzzy set; GA, genetic algorithm; GB, gradient boosting; GP, genetic programming; GT,
gamma test; HHT, Hilbert-Huang transform; IPCC, Intergovernmental Panel on Climate Change; K-NN, K-nearest neighbors; LSSVM, least square support vector Machine; LSTM, long
short-term memory; ML, machine learning; MLR, multiple linear regression; PCA, principal component analysis; PSO, particle swarm optimization; RBF, radial basis function; RFE,
recursive feature elimination; RNN, recurrent neural network; SARSA, State Action Reward State Action; SPEI, Standardized Precipitation Evapotranspiration Index; SPI, Standardized
Precipitation Index; SRL, systematic literature review; SSI, Standardized Streamflow Index; SVM, support vector machine; WT, wavelet transform.
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Research Impact Statement

This review will serve as a guide for researchers and practitioners to select the most appropriate data-driven Al/ML methods for

their specific streamflow forecasting needs.

future, making it more challenging to predict streamflow accurately. The intense change/variability can negatively impact water resource deci-
sions by making them more complicated and less accurate in the future.

Hydrological models are designed to simplify the complexity of nature and simulate water behavior such as runoff. Physical-based hydro-
logical models use mathematical and numerical models that try to achieve the goal. However, they come with limitations (Tan et al., 2022),
such as (a) they contain a set of rules that cannot fully capture the complexity of nature, (b) are difficult to measure parameters accurately and
do not always perform well, and (c) they are not designed for future prediction. Therefore, another alternative is statistical models. Statistical
models achieve their performance by relying on statistical analysis from the available data and gaining information and patterns rather than
pre-knowledge based on the system's characteristics (Sit et al., 2020). This capability has been a great motivation for applying data-driven
artificial intelligence (DDAI) techniques in hydrological modeling.

It is vital to note that artificial intelligence (Al) and machine learning (ML) tools can sometimes uncover correlations that are either phys-
ically inaccurate or defy clear explanations. Therefore, it is imperative to repeatedly be cautious against blind faith in any method without a
thorough grasp of the underlying processes.

Al is a relatively new science in which programs/machines experience, learn, act, and achieve goals using the gained intelligence similar
to humans. ML is one of the significant parts of Al that brings the algorithms of automatic learning, improvements, and increased chance of
success (Hrnjica & Mehr, 2020). ML performs a skillful job by training in which the learning (intelligence) is based on statistical approaches
(Mohammed et al., 2016). In other words, ML consists of techniques that utilize adaptive pathways to organize data and predict. The adaptive
pathway has a training process that learns from experience to reach the target (Bonaccorso, 2018). Deep learning (DL) is a subcategory of arti-
ficial neural networks (ANNs) with many layers and training processes (Hrnjica & Mehr, 2020). In other words, DL is a sophisticated connected
pattern matching. DL can solve more complex problems based on the knowledge built on the previous solutions (lan et al., 2016) (Figure 1).

Hydrological modeling and forecasting use four aspects of Al—(1) regression and classification by utilizing ML algorithms, (2) fuzzy set (FS)
and fuzzy logic (FL) approach, (3) evolutionary computation (EC), and (4) pre-processing methods. The first aspect (regression and classifica-
tion) is the fundamental part of data-driven streamflow forecasting. The other aspects play the role of analyzing the input variables, improving
the regression or classification, and consequently improving the prediction. In recent years, the combination of aspects one with two to four
has been called hybrid DDAI in hydrology (Ibrahim et al., 2022). FL/FS approach (Zadeh, 1965) works with uncertainties using the FS mem-
bership. EC helps with the optimization of the parameters of the regression or the membership function of the FL. Pre-processing approaches
such as wavelet conjunction models are used for analyzing and improving the input time series.

Aside from streamflow forecasting, Al has been used in different areas of hydrology such as drought (Belayneh et al., 2014, 2016; Dehghani
et al., 2014; Ganguli & Reddy, 2014; Khan et al., 2020; Mohamadi et al., 2020), flood (Bahram Saghafian & Dehghani, 2017; Chang et al., 2014;
Gizaw & Gan, 2016; Jimeno-Saez et al., 2017), water level forecasting (Phan & Nguyen, 2020; Sapitang et al., 2020; Zhu et al., 2020), precipita-
tion prediction or downscaling (Ahmed et al., 2020; Sachindra et al., 2018; Vandal et al., 2018), and evapotranspiration (Jahanbani et al., 2011;
Jahanbani & El-Shafie, 2011).

2 | SCOPE OF THIS PAPER

Several studies (Ibrahim et al., 2022; Sit et al., 2020; Yaseen et al., 2015) reviewed the application of Al in hydrology and water resources.
However, there is no comprehensive and most recent review of the application of DDAI-based approaches in streamflow forecasting. This
manuscript intends to review the recent papers from 2011 to 2023, focusing mainly on works published between 2015 and 2021. This paper
reviews the application of DDAI-based approaches in daily or longer-than-daily streamflow prediction and does not review cases like real-time
forecasting or flood forecasting. Although we briefly describe the most common types of DDAI-based approaches (e.g., ML algorithms), the
paper mainly focuses on DDA used in streamflow forecasting since the review of DDAl and their mathematical equations have been explained

in several books. The main differences between this paper with similar works are summarized below:

a. most recent comprehensive review of the application of DDAI-based approaches;

b. introduction of stochastic data in streamflow prediction;
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Artificial Intelligence
a program that can learn, act, and achieve goals

using the gained intelligence

Machine Learning
algorithms of automatic learning, improvements

Deep Learning
sophisticated neural network machine
learning

FIGURE 1 Artificial intelligence (Al) versus machine learning versus deep learning.

c. summary of tools for DDAI-based modeling; and

d. practical example of how to use the tool with a simple example of streamflow forecasting (Appendix B).

Figure 2 visualizes a summary of the paper structure.

3 | SYSTEMATIC LITERATURE REVIEW

The systematic literature review (SLR) for this review paper includes three stages: planning, conducting, and reporting (Kitchenham, 2004).
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FIGURE 2 Flowchart of the structure of the paper. ANN, artificial neural network; K-NN, K-nearest neighbors; MARS, multivariate
adaptive regression splines; SVM, support vector machine.

3.1 | Planning for SLR

Planning for the SLR in this paper requires following three steps: (1) formulating the research questions, (2) identification of research threads

and inclusion, and (3) data source selection.

3.1.1 | Formulating the research questions

As mentioned in the Introduction, in hydrological forecasting, Al techniques have been utilized for many different areas, such as precipitation
forecasting, evaporation forecasting, flood forecasting, and streamflow forecasting, which is the topic of this review paper. Hence, the main
aim of this SLR is to investigate the recent (last 11years) state of research in DDAIl-based streamflow forecasting. Therefore, the high-level
question to be answered in formulating the research question is what are Al-based methods and techniques for streamflow forecasting. This

question can be broken down into the following subquestions:

What are the ML techniques for streamflow forecasting?

Can combining ML algorithms with Al-based techniques (hybrid model) improve the modeling results?
How to utilize synthetic data for streamflow forecasting?

What tools are available for DDAI-based streamflow forecasting?

LAESIE I

What are the challenges and gaps in the literature?

3.1.2 | Identification of research strings, inclusions, and exclusions

By combining terms from the expertise of the topic and some of the most frequently cited articles on streamflow forecasting, we came up

with the search strings. Initially, this review paper was limited to machine algorithms studies only. However, by reviewing further studies, we
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realized that other aspects of Al, such as FSs and evolutionary computing (EC), have shown significant enhancement to streamflow forecasting.
Also, some industry practice knowledge has been less published, such as stochastic data generation and its application in streamflow forecast-
ing. However, this paper excludes real-time flood forecasting focusing on the longer-term streamflow forecasting that can be used for water

resources planning.

3.1.3 | Data source selection

The references for this review paper are sourced from: (a) high-rank journal papers available in online digital publishers like Springer
Link, Scopus, Elsevier Science Direct, and Google Scholar; (b) proceedings of the repudiated conferences such as Hydrology and Water
Resources Symposium (HWRS), International Congress on Environmental Modelling and Software Modelling and Simulation Society of
Australia and New Zealand Inc. (MSSANZ); (c) scientific manual of DDAI-based tools; and (d) discussion with industrial experts. We found
that the search engines of the most well-known scientific libraries behaved differently when the search string was specified during the
definition of the search strings. Depending on the library, multiple methods are used to conduct the exact search (i.e., using different syn-
tax). There were a variety of ways to search the content in each library. For instance, they allowed you to look for keywords in an article's
title. In some cases, alternative options allow the exact keywords to be searched in abstracts, full text, or a mix of the three (e.g., title,
abstract, and keywords).

3.2 | Conducting the SLR

For this review paper, all the recent (2011-2023) valuable studies and knowledge around DDAI-based streamflow forecasting limited to the
scope of this paper were reviewed. Section 5 provides the outcome of the SLR for this review paper. The keywords were a combination of a

» o« PG » » o«

few of the following words: “streamflow,” “forecasting,” “prediction,” “machine learning,” “artificial intelligence,” “model,” “statistical,” “ensem-

» o«

ble,” “data-driven,” “re-view,” and “survey.” Different combinations were tested in different publishers' sites and it was noted that there was no

significant change in the outcome. For better management of the references and to avoid problems like duplication, they were stored in the

Mendeley Reference Manager.

3.3 | Reporting and analyzing

Figure 3 demonstrates the distribution of the journal article publications, and Table A1 (Appendix A) summarizes the most recent categorizing
methods of DDAI-based streamflow forecasting. Also, the last section of this paper concludes all the reviewed papers and opens the identified

challenges. In addition, suggestions were made for future research.
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FIGURE 3 Cumulative number of publications related to the scope of this paper since 2010.
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4 | SUPPORTING Al AND PREPROCESSING TECHNIQUES

As mentioned in the Introduction, for streamflow forecasting, ML plays the prominent role of regression (or classification) and other Al tech-
niques (briefly explained in the subsections below) act as the supporting tool to improve the regression. In recent years, combining supportive
tools and ML has been called hybrid models. Figure 4 summarizes supporting Al and prepossessing techniques for streamflow forecasting.

4.1 | Fuzzy logic

The theory of FL was introduced by Lotfi A. Zadeh in 1965 (Zadeh, 1965). It is a rule-based approach (if and then) and the main advantage of
using FL in any kind of modeling is reducing ambiguity, and complexity and considering the uncertainty. This can be accomplished by either
preferring the use of input data or considering the input data as interval rather than crisp point data. In streamflow forecasting, the FL ap-
proach theory has shown significant improvements when combined with ML algorithms relative to ML solely. In other words, FL plays an
important supporting tool to the ML to make the prediction more accurate and provide better solutions to the complexity of the forecast. In
the section on ML algorithms, after introducing each ML algorithm, the combination of those particular algorithms with FL will be explored and
the advantages of such a combination will be provided.

4.2 | Evolutionary computing

EC is a general name for the approaches and techniques that are based on natural evolution (Sivakumar & Berndtsson, 2010). The EC algo-
rithms are stimulated by the Darwinian theory of evolution, in which instead of solving the problem directly, it proceeds by evolving solutions
to the problems (Yaseen et al., 2015). Some examples of EC (out of many) are genetic programming (GP) (Koza, 1992), genetic algorithms (GA)
(Holland, 1975), evolutionary programming techniques, firefly optimization algorithm (FFA), bat algorithm (BA), particle swarm optimization

(PSO), evolutionary strategies, swarm intelligence, gradient-based optimization (GBO), growing neural gas, and self-organizing maps. EC has

Fuzzy Set

e.g. Standardised
Precipitation Index (SPI),
Standardised Precipitation
Evapotranspiration Index

El),and Standardi:

Standardisation

e.g. Recursive Feature
Elimination (RFE), Forward
Feature Selection (FFS),
principal component

analysis (PCA), and

Supporting artificial
intelligence and
prepossessing techniques

Input Data
Filtering

Evolutionary
Computing

e.g. Discrete Wavelet

i _ Transforms (DWT) and
A'Im%aczesc;iﬁrge Continuous Wavelet
) Transforms (CWT) and

echniques

Hilbert-Huang transform

Y

e.g. Genetic algorithm (GA), Firefly
optimization algorithm (FFA), Bat
Algorithm (BA), Particle Swarm

Optimization (PSO), Genetic
] ing (GP), and gradient-based

FIGURE 4 Summary of supporting Al and prepossessing techniques for streamflow forecasting.
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been studied actively in the last couple of decades and the most common optimization techniques that have been used in hydrology and stream-
flow forecasting until now are GA, evolution strategies (Schwefel, 1981), GP, BA, PSO, GBO, and FFA. Similar to FL, EC works as a supporting
tool to help MLs by optimizing the parameters and improving the streamflow forecast as well as direct applications in optimizing parameters

of streamflow modeling and forecasting models. Details of how EC can combine with ML and FL are explained in the ML algorithms section.

4.3 | Filtering of input data

Hydrological modeling, especially data-driven streamflow modeling, normally requires a large dataset and different input variables. There
could be errors in the measurement of the data, strong skewness, significant correlation between the variables, and nonstationary situations.
Therefore, before doing any kind of modeling, including ML, the dataset should be screened to create the best input set that provides the most
accurate outputs.

431 | Errors

The inputs for streamflow prediction usually are antecedent conditions (previous days or months of inflows), climate data (especially precipi-
tation and temperature), and spatial data (landuse and land cover). The source of the data is the in situ measurement or remote sensing (or a
mix of both), in which both are prone to errors including human errors, machine calibration, age of infrastructure, and damage (e.g., because
of extreme weather: floods). One of the most common methods of finding errors is by looking at the time-series plot (visual identification).
However, plots are good when the errors are outliers (too small or too big relative to other observations). Two easy ways of distinguishing
error and outlier in the case of streamflow are by looking at rainfall nearby of the outlier event and also by checking streamflow and rainfall
of nearby sites with similar hydrological characteristics. If errors are not outliers, they are not easily distinguishable. The systematic Al-based
techniques for pre-processing of input data (for streamflow forecasting) have been explored in Section 5. However, there are techniques like
prior data conflict (Egidi et al., 2022; Evans & Moshonov, 2006; Mutsvari et al., 2016) that provide systematic outlier exploration methods but

have not been applied for streamflow forecasting purpose so far.

4.3.2 | Standardization and normalization
The following are a few reasons for the normalization or standardization of the input data, listed below:

e To tackle the non-error outliers.

e To avoid bias toward a few large/small events (Reis et al., 2021).
e Output has a different statistical distribution.

e Qutput is not homogeneous.

e Output needs to be on a particular scale.

There are several methods for standardization or normalization of data including min-max, decimal scaling, z-score, double sigmoid func-
tion, median and MAD, Box-Cox transformation, and tanh-estimators. Also, in hydrological prediction (including streamflow forecasting), there
are three common applications of standardization: Standardized Precipitation Index (SPI) (Anshuka et al., 2019), Standardized Precipitation
Evapotranspiration Index (SPEI), (Tirivarombo et al., 2018), and Standardized Streamflow Index (SSI) (Shamshirband et al., 2020).

4.3.3 | Variable selection

After all the filtering mentioned in previous sections, another option for improving the performance of the model is to find the best combina-
tion of the parameters and (if required) eliminate the less important ones. There are a few methods available for variable selection including
recursive feature elimination (RFE), forward feature selection (FFS), principal component analysis (PCA), and gamma test (GT). One of the
advantages of both RFE and FFS is they can work through ML runs. The RFE method selects all the variables then the less important ones
are eliminated. The FFS works by adding one variable at a time to find the best combination (Reis et al., 2021). However, the need to reduce
variables depends completely on the input data and method, for instance, the new iterative ensemble smoothers are scalable to millions of
parameters (Chen & Oliver, 2012; Zhang et al., 2024). These methods have not been applied in streamflow forecasting.
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4.3.4 | Al-based pre-processing techniques

In order to improve the streamflow forecasting models, input data should be analyzed and handled appropriately. One of the applications of
input data pre-processing is recognizing and addressing the stationarity and nonstationarity conditions of the model. In a stationary model,
parameters remain unchanged over time. Wavelet conjunction models (wavelet transform, WT) are Al-based time-series analyzers that have
been commonly utilized in hydrology and streamflow forecasting. There are two types of WT: discrete wavelet transform (DWT) and continu-
ous wavelet transform (CWT) wavelet signal process. Another (relatively new) method for data analysis is the Hilbert-Huang transform (HHT)
(Huang & Wu, 2008). The base formula for CWT is as follows.

+o0

fbw:, (tydt, (1)

Wi(a,b) = [
where
Wap(t) = lal""?y(t —b/aya,b € R,a #0, (2)

where * represents the complex conjugate of the function, a and b are the parameters known as the scale and translation parameters, respectively,
and t is the time. The coefficients of the CWT are calculated in each a (scale) and b (translation) and that leads to a full-time series on every scale
which, hence, generates a large amount of data.

The DWT is defined by

+00
widdo= [ fow o, @)
wi, k(t) = ag 2y (a7t - bok). (4)

5 | TYPES OF ML

There are a few ways of classifying ML approaches. One common method is based on the training process in which there are three types of
ML: supervised learning, unsupervised learning, and reinforcement learning. Regression and clustering are two common learning types for
supervised learning and clustering is one common type of learning for unsupervised learning. Regression learning works by finding a relation-
ship between the dataset: input (independent) and output (dependent) variables. If the dataset has a timestamp, it is called time-series data.
Prediction of time-series data is more complex and difficult in comparison to datasets without timestamps and time-series forecasting is one
important area of ML (Hrnjica & Mehr, 2020) such as streamflow forecasting. Figure 5 demonstrates three types of ML, the learning process

related to each type and common ML algorithms based on the learning process.

5.1 | Supervised learning

In supervised learning, the algorithm is provided with labeled training information including input and expected output. The goal is to learn
from mistakes (through iteration in most of the algorithm) until the modeled output is close to the provided (known) output (Bonaccorso, 2018).
The learning process (also can be called calibration) occurs in the mathematical function by adjusting the parameters. One of the most common
problems of supervised learning is overt-fitting, when the system experiences a high performance with the input data by which it has been
trained, but may not necessarily show good results when new data are introduced. In other words, the calibration is good but not the verifica-
tion. Common techniques for supervised learning are regression, language processing, and image recognition. Section 7 describes the common

ML algorithms applicable in hydrological modeling and prediction.
5.2 | Unsupervised learning
In unsupervised learning, the learner predicts based on unlabeled training data. Therefore, quantitative measures of performance can be dif-

ficult (Mohri et al., 2012). Clustering, pattern recognition, automatic labelling, and object segmentation are common methods of unsupervised

learning.
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FIGURE 5 Machine learning types, learning approach and algorithms. ANFIS, adaptive neuro-fuzzy inference system; CFNN, cascade-
forward neural networks; ELM, extreme learning machine; GLR, generalized likelihood ratio; GP, genetic programming; LR, linear regression;
LSSVM, least square support vector machine; LSTM, long short-term memory; MLR, multiple linear regression; RF, random forest; RNN,
recurrent neural network; SVR, support vector regression.

5.3 | Reinforcement learning

Reinforcement learning is based on the feedback provided by the environment. The feedback is in the form of reward and penalty and the
goal is to collect as much reward as possible. However, the reward and penalty feedback may not be necessarily available and the learner must
tradeoff between finding new information versus utilizing it (Mohri et al., 2012). One common example of reinforcement learning is deep
neural network (Bonaccorso, 2018).

Reinforcement learning acts very similar to the way humans make decisions when there are multiple choices. For instance, one of the
examples of water resources is the water transfer network. The water transfer network consists of nodes (e.g., interconnected reservoirs,
supply/demand zones) and pipes. The transfer system should make decisions on sending water to which storage, transfer via which pipeline,
when to spill, and so forth. The learner receives feedback from the environment in the form of award (incentive) and penalty (cost). For ex-
ample, there is a high penalty for spilling and shortfall so the learner knows to avoid these as much as possible (until there is no other choice).
There is an incentive on which reservoir to send water to and which pipeline to choose first or what is the demand priorities. These awards
and penalties are sometimes set in a Network Linear Program (NetLP). Water resource modeling packages like REALM (REsource ALlocation
Model, Perera, 2013) and eWater Source (Kelley et al., 2012) make use of NetLP for the water transfer/balance decisions.
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6 | ML ALGORITHMS

Subsections below provide common ML algorithms in streamflow forecasting (Figure 5). Given the nature of streamflow forecasting, only

supervised learning is applicable.

6.1 | Artificial neural network

An ANN is a mathematical model that tries to simulate the biological neural system and the human brain. The structure of ANN acts very simi-
lar to the human brain and nervous system and is able to create a nonlinear relation, which connects input and output data. ANN consists of
simple processing elements (artificial neurons) and a high degree of interconnections (weights and bias) which work together to demonstrate
complex behavior. Very similar to the human brain, it learns by examples and tries to improve the weight and bias to relate input and output,
compared to the goal (target). There are three main applications of ANN: pattern recognition, data classification, and function approximation.
In function approximation, by training the ANN, connections (weights) between the input and output are adjusted until the output is similar
to the target. Because of the nonlinear correlation, ANN is a powerful implement for estimating complicated functions (Jahanbani et al., 2011;
Jahanbani & EI-Shafie, 2011) such as streamflow. Because of its relatively high speed and performance and ease of use, ANN-based approaches
such as extreme learning machine (ELM) can be applied in complex nonlinear modeling such as streamflow forecasting using climate signals
from climate change models (Zhu et al., 2019) or monthly streamflow forecasting (Akbarian et al., 2023). One of the most commonly used
ANNs for hydrological purposes is feed-forward backpropagation (FFBP). It uses the Widrow-Hoff learning rule that the network weights
move along a negative gradient of the performance function. However, depending on the applications and data type, in terms of performance,
they sometimes sit second or third in the rank (Shortridge et al., 2016). One of the problems with ANN is that they are based on empirical risk
minimization while other algorithms such as support vector machine (SVM) use structural risk minimization as well. As an example, Figure 6
shows the structure of ANN with five hidden layers and five neurons for forecasting Dec streamflow using 3-month antecedent flows.

6.1.1 | Recurrent neural network and long short-term memory
The traditional ANN with a feedforward network learning mechanism does not have any concept of dependency on the input data and the

recurrent neural network (RNN) is designed to catch the sequential consequences when the previous information is required to be remem-
bered for the future prediction. Therefore, RNN generally has two types of inputs: the current input which is the raw input fed to the model,

Sep .
B KN
SR IR
Oct . %4’;‘ -8106.8635 Dec .
WY s
Nov . \é\'

FIGURE 6 Structure of the ANN with five hidden layers and five neurons for forecasting Dec streamflow using Sep, Oct, and Nov flows.
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and the input based on the data generated in the previous time step so-called backpropagation through time (BPTT). There are two types of
issues with RNN: disappearance of the gradient and explosion of the gradient. The former is caused when the gradient is significantly small and
weights are constant in each time step, which stops the network from further training. The latter is caused when the accumulation of updates
of weight becomes very large and results in the explosion of the RNN (Hrnjica & Mehr, 2020). One solution to the abovementioned problems
is the design of an RNN-based network called long short-term memory (LSTM). LSTM is a DL type of ML and generally, there are two main
benefits of LSTM: the first one is allowing error flow through the network and the second one is introducing gates. Gates can control input
flow, output flow, and storage of information. The forget gate makes the decision of which information to be stored and which one to be for-
gotten (Hrnjica & Mehr, 2020). The forget gate is very useful in time-series modeling in which it is required to capture time series and memorize
long-term relationships. Therefore, LSTM performs very well in daily or monthly streamflow forecasting and can perform better than other ML

approaches such as linear regression (LR), multi-layer perceptron (MLP), and SVM (Rahimzad et al., 2021).

6.1.2 | Adaptive neuro-fuzzy inference system

Adaptive neuro-fuzzy inference system (ANFIS) is a hybrid model that utilizes both fuzzy systems and neural networks. The FL provides a
membership function for input data and the neural network acts as the learner. In such a nodes and rules structure, the rules can also relate the
predictor to the predictand and nodes play as membership function (Figure 7). Because of such capability, ANFIS showed improved accuracy
in streamflow forecasting in comparison to many other Al methods (Ashrafi et al., 2017; Sharma et al., 2015).

The basic formula and structure of ANFIS are briefly shown below:

Rulel=if(x)isAland(y)is(B1l)then(f1)=plx+qly=r1l,

5
Rule2 =if(x)isA2and(y)is(B2)then (f2)=p2x+q2y =r2, )

where A1, B1, A2, and B2 are membership functions, x and y are inputs, f1 and f2 are output functions, and p1, q1, r1, p2, g2, and r2 are linear
parameter.
The following are some of the reasons why ANFIS improves streamflow forecasting:

1. Handling uncertainty and imprecision FL: ANFIS incorporates FL, which excels at handling uncertainty and imprecision inherent
in streamflow data. It allows for the representation of linguistic terms like “low flow” or “high rainfall” using FSs, which better
aligns with the natural ambiguity of hydrological processes. Membership Functions: ANFIS uses membership functions to model
the degree to which input belongs to a FS, enabling a more nuanced understanding of the relationships between input variables

and streamflow.

input ipnutmf rule outputmf output
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FIGURE 7 Structure of the adaptive neuro-fuzzy inference system model forecasting Dec flow based on Jan to Nov.
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2. Incorporating expert knowledge: Rule-based structure: ANFIS utilizes a rule-based structure that can explicitly integrate expert knowledge
about streamflow dynamics. This allows for capturing insights from domain experts and refining model behavior. Transparent reasoning: The
rules within ANFIS provide a more transparent understanding of how inputs are mapped to outputs, facilitating model interpretation and
potential adjustments based on expert judgment.

3. Adaptive learning: hybrid approach: ANFIS combines the learning capabilities of neural networks with the interpretability of FL. It can adapt
its parameters through a hybrid learning process that involves both neural network training and fuzzy inference system optimization.

4. Fine-tuning: This adaptive nature enables ANFIS to fine-tune its behavior based on the specific characteristics of the streamflow data, lead-
ing to better model performance.

5. Robustness to noise: Noise handling: ANFIS generally exhibits greater robustness to noise and outliers in the data compared to ANNs. The
fuzzy membership functions can effectively smooth out noise and reduce its impact on the model's predictions.

6. Handling nonlinear relationships: Nonlinear modeling: Both ANNs and ANFIS excel at capturing nonlinear relationships present in stream-
flow data. However, ANFIS often demonstrates a superior ability to handle complex nonlinearities due to its FL component.

7. Interpretability: Explainable predictions: While ANNs can be viewed as “black boxes” due to their opaque internal structure, ANFIS offers a
more explainable model. The fuzzy rules and membership functions provide insights into how the model arrives at its predictions, enhancing
understanding and trust in the results.

8. Computational efficiency: Training speed: ANFIS often requires less training data and computational resources compared to ANNs, making
it more efficient to train and implement.

There are two types of FISs: Sugeno-Takagi FIS and Mamdani FIS. Sugeno-Takagi FIS is the most commonly used in streamflow forecasting
(Yaseen et al., 2017).

6.1.3 | Cascade-forward neural networks

Cascade-forward neural networks (CFNNs) are constructed based on forward only type of counterpropagation network (CPN). CPN has
two types of full and forward-only and was first introduced by Hecht-Nielsen (1987). Because of combinations of FS approach and cascade-
forward structure, CFNN demonstrates better performance than feedforward neural network (FFNN) in streamflow forecasting by creating a

strong relationship between river flow and climate data (Hayder et al., 2020).

6.14 | ANFISand EC

In order to improve ANFIS, the MFs parameters must be optimally selected, which requires optimization algorithms. EC techniques can help for
optimum selection of the parameters of the membership functions of FL. It was shown that ANFIS optimized by FFA can perform much better
than ANFIS (alone) in monthly streamflow forecasting (Yaseen et al., 2017). In another study, ANFIS with BA demonstrated decreases in the
error more than ANFIS with PSO, and ANFIS with GA in monthly streamflow forecasting using predictors of lagged climate indices (Ehteram
et al., 2019). In a more recent study, for predicting monthly streamflow using climate data and antecedent flow data, standalone ANFIS was
compared with hybrid ones including ANFIS with gradient-based optimizer (ANFIS-GBO), ANFIS with Grey Wolf optimizer (ANFIS-GWO),
ANFIS-PSO, ANFIS with ant colony optimization (ANFIS-ACO), ANFIS-GA, and ANFIS with differential equation (ANFIS-DE). It was demon-
strated that all the hybrid ones improved the accuracy of the prediction and the best performance was with ANFIS-GBO (Adnan, Mostafa,
etal.,, 2021).

6.2 | Support vector machine

SVMis a supervised ML that is used for classification and regression and works by finding the optimal hyperplane. In other words, by mapping
the inputs to high- and infinite-dimensional feature space. SVM, which was first proposed by Cortes & Vapnik (1995) works in the opposite
direction of neural network (NN). While NNs learn from extensive experiment to theory, SVMs work from theory to application. One of the
powers of the SVMs is that they generate the number and value of the learning parameters based on the model capacity and somehow take
advantage of nonparametric models (Kecman, 2005). Hence, SVM-based models like support vector regression (SVR) and least squares sup-
port vector machine (LSSVM) optimize globally (vs. ANN which is local) and they have less risk of over-fitting (Lin et al., 2006). Also, in contrast
to physical-based models, SVMs require fewer data and can perform better in real-time forecasting (Zhang et al., 2018). Researchers showed
SVM can outperform other machine leanings in streamflow forecasting (He et al., 2014; Hipni et al., 2013; Noori et al., 2011).

85U8017 SUOWIWIOD A1) 3|cedldde ays Aq peuenob are ssjoie YO ‘sn JO Sa|ni Joy Ariqi8UIIUO /8|1 UO (SUOTPUOD-pUe-SLLRY/LI0O A8 |1 AR 1B |UO//SANY) SUOTIPUOD pue Swie | 8L 885 *[6Z0z/70/0€] Uo AreiqiTauliuo A1 ‘AIseAIUN BLOIIA AQ 622€T '889T-2G2T/TTTT OT/I0P/LI0o A3 | ARelq 1 jeuljuo//Sdny Wouy papeo|umod ‘9 ‘v20z ‘889T2SLT



DDAI-BASED STREAMFLOW FORECASTING ‘_k* 1107
i TR RESOURCES J AW R AJ—

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

The SVM can be used for linear separation (classification) or nonlinear separation. Also, it can be applied in the input space or feature space.
One of the main differences between SVMs (and other similar algorithms like SVR) is the kernel function that is used to transform data and
solve nonlinear problems. The kernel function plays an important role in the performance of the SVMs. The most common kernel functions

used in streamflow forecasting are the polynomial, the radial basis function (RBF), and the linear function.

6.2.1 | Support vector regression

SVRis atype of SVM that has got regression functionality. SVR can provide fast and easy high performance in prediction such as in streamflow
forecasting using General Circulation Model outputs (Zhu et al., 2019) and can perform better than NN-based algorithms such as FFNN in
prediction such as monthly streamflow using historical (observed) flow (Adnan et al., 2017). In a simple form, SVR does the regression using
conditions as expressed in the Equations (6-9).

Equation of hyperplane

Y=w+b, 6)
Equations of the decision boundary
WX + b = +a, 7)
wx +b = —a, @)
Hyperplane of SVR should satisfy
—a<Y-wx+b< +a. ©)

6.2.2 | Leastsquare support vector machine

Since one of the problems with SVMs is the huge computational burden, LSSVM provides more consistent solutions while avoiding some of
the complexity of the traditional SVM by replacing linear regression with quadratic programming. Because of this strength, LSSVM has been
successful in predicting streamflow with a large amount of input data such as using large-scale climate signals (Kisi et al., 2019).

6.2.3 | SVM and input filtering

A large amount of input data is among the common issues in streamflow forecasting. Therefore, filtering the input data to find the best com-
bination of input variables is essential as discussed in the “Filtering of input data” section. For instance, (Noori et al., 2011) compared PCA,
GT, and forward selection (FS) for reducing the input variable and finding the optimum combination for the purpose of monthly streamflow
forecasting with a maximum of 3 months lead-time. They found out that prepossessing the input data using PCA improves SVM (PCA performs
better than GT and FS) while they applied PCA on ANN and demonstrated that PCA-SVM performs better than PCA-ANN.

6.24 | SVMwith EC

SVM is a powerful ML algorithm for classification and regression tasks. However, the performance of SVM models can be sensitive to the
values of the hyperparameters, such as the cost parameter (C) and the kernel parameter (gamma). PSO and GA are two popular evolutionary
optimization algorithms that can be used to optimize the hyperparameters of SVM models.

However, one problem with SVM-PSO is that the standard implementation of the SVM with PSO cannot handle two or more objective func-
tions simultaneously. This is because SVMs are designed to solve binary classification problems, where the objective is to find a hyperplane that
separates the data points into two distinct classes. When dealing with multiple objectives, the optimization process becomes more complex and

requires different approaches. There are several strategies to address this limitation and utilize SVM with PSO for multi-objective optimization:

e Scalarization: This method combines multiple objectives into a single scalar objective function. This can be achieved using weighted sums,
Pareto optimality dominance, or other aggregation techniques. PSO then optimizes this single objective function to find a solution that
balances the tradeoffs between all objectives.

85U8017 SUOWIWIOD A1) 3|cedldde ays Aq peuenob are ssjoie YO ‘sn JO Sa|ni Joy Ariqi8UIIUO /8|1 UO (SUOTPUOD-pUe-SLLRY/LI0O A8 |1 AR 1B |UO//SANY) SUOTIPUOD pue Swie | 8L 885 *[6Z0z/70/0€] Uo AreiqiTauliuo A1 ‘AIseAIUN BLOIIA AQ 622€T '889T-2G2T/TTTT OT/I0P/LI0o A3 | ARelq 1 jeuljuo//Sdny Wouy papeo|umod ‘9 ‘v20z ‘889T2SLT



1108 52 YL — J AW R A JAHANBANI ET AL.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

e Vector evaluated PSO (VEPSO): This approach modifies the PSO algorithm to handle multiple objectives directly. Each particle in the swarm
maintains a vector of fitness values corresponding to each objective. The algorithm then updates particles based on their dominance and
crowding distance in the objective space, promoting solutions that are both good and diverse.

e Multi-objective evolutionary algorithms (MOEAs): These algorithms are specifically designed for multi-objective optimization problems.
They often use population-based approaches and selection mechanisms that favor solutions based on both their objective values and diver-
sity. Popular MOEAs include NSGA-II, SPEA2, and MOEA/D.

e Hybridization with other algorithms: SVMs can be combined with other optimization algorithms like GAs or ant colony optimization that are
inherently capable of handling multiple objectives. This allows for leveraging the strengths of both approaches to achieve better solutions

for multi-objective problems.

Choosing the best approach depends on the specific problem and its characteristics, such as the number of objectives, the nature of the
objectives, and the desired level of diversity in the solution set. It is important to carefully consider these factors and select the most suitable

method for your specific multi-objective optimization task involving SVMs and PSO.

6.2.5 | SVM with WT and HHT

Another common problem in streamflow forecasting is the variability of the input climate or antecedent streamflow data to the SVM model.
Techniques such as wavelet decomposition or HHT help divide the input time series into subcategories, which improves forecasting (Kambalimath
& Deka, 2021) demonstrated that utilizing WT for pre-processing of input daily streamflow (dividing the daily historical streamflow time series to
subcategories) will improve SVM in daily streamflow forecasting with lead-time 3-5days relative to SVM with non-processed input data.

Therefore, SVM with the help of wavelet decomposition in this case, performs much better than SVM alone. Similarly, Kalteh (2013) cou-
pled SVM and ANN with the DWT and shows SVM-DWT is more accurate than SVM alone and ANN-DWT. SVM can take advantage of HHT
to decompose nonlinear, nonstationary input time series into subseries with meaningful time and frequency. Therefore, SVM with HHT can
perform better than SVM with WT. Also, GA can be applied to optimize SVM parameters, and hence, SVM with HHT and GA perform much
better than SVM with HHT under a strong nonstationary input time series (historical streamflow) to predict monthly streamflow up to 12-
month lead-time (Meng et al., 2019).

6.3 | Multivariate adaptive regression splines

The multivariate adaptive regression splines (MARS) model creates a relationship between the input variable and output (e.g., streamflow)
without any requirement of learning from the target since it uses antecedent condition (as the target) (Kisi et al., 2019). This method is particu-
larly useful when there is not enough data available as the target or when there is a strong influence from the antecedent conditions on the
prediction. Because of the above-mentioned advantage, MARS has shown achievement in rainfall-runoff modeling and streamflow prediction,
in which antecedent conditions including climate data, landuse, vegetation cover, and streamflow strongly influence the streamflow prediction
(Reis et al., 2021; Shortridge et al., 2016). Figure 8 shows MARS analysis of long-term monthly streamflows in predicting December flows using
January to November antecedent flows using the R package earth. Multiple linear regression (MLR) is among other linear regression algorithms
that have been used for streamflow forecasting. MLR alone does not have a great performance specifically in nonstationary conditions and can

be improved when joined with pre-processing techniques such as WD or GA (Zhang et al., 2018).
6.4 | Decision tree-based models
Decision tree classification or predictive models have a structure similar to trees with branches. These models include a root node, internal node,

and leaf node. Because of the nonparametric algorithm, they can deal with large and complicated datasets without bringing complicated parametric
structures. Three common decision tree-based algorithms in streamflow forecasting are random forest (RF), M5 Model, and gradient boosting (GB).

6.4.1 | Random forest

RF is a supervised learning algorithm that is based on the decision tree. It combines tree predictors with ensemble learning in which more
classifiers can solve complex problems (Breiman, 2001). RF is used for classification and regression and the binary recursive partitioning tree
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FIGURE 8 Multivariate adaptive regression splines analysis of monthly streamflow using R package “earth”.

models, which are known as classification and regression tree (CART) models, make the foundation of the ensemble aspect of the methodol-
ogy (Adnan, Zounemat-Kermani, et al., 2021).

Utilizing the RF algorithms (rule-based, nonparametric regression approach) showed high to low performances in different studies: high perfor-
mance even in some cases better than ANN in predicting monthly streamflow using rainfall-runoff modeling approach (Shortridge et al., 2016), sat-
isfactory performance for daily streamflow modeling (using different covariable) (Reis et al., 2021), mid-range performance relative to super learner
regression and ANN and extremely randomized tree in daily streamflow forecasting (Tyralis et al., 2021), low range of performance compared to

LSTM and ELM in monthly streamflow prediction using streamflow antecedent flow (Adnan, Zounemat-Kermani, et al., 2021; Akbarian et al., 2023).

6.4.2 | M5 model
M5 (or M5tree) model is another decision tree-based regression algorithm that tries to minimize error in each node. M5 has been used in
streamflow forecasting and showed relatively high accuracy in monthly rainfall-runoff (Shortridge et al., 2016), lowest performance relative to

LSSVM and MARS for monthly streamflow prediction using climate signals and antecedent flow (Kisi et al., 2019).

6.4.3 | Gradient boosting

GB is a powerful ensemble ML technique that sequentially builds a series of decision trees, each focused on correcting the errors of its prede-
cessors. It is proven effective in streamflow forecasting due to its ability to model nonlinear relationships, handle complex interactions between
variables, and adapt to diverse hydrological patterns. Advantages of GB for streamflow forecasting are it can handle nonlinear relationships, incor-
porates multiple variables, robust to noise and outliers, and adaptable to diverse patterns. GB can adapt to different hydrological regimes and sea-
sonal variations, making it suitable for diverse streamflow forecasting applications (Ahmadianfar et al., 2023; Akbarian et al., 2023; Ni et al., 2020).

6.5 | K-nearest neighbors

K-NN is one of the most basic data mining methods and has been utilized for classification and regression based on the closeness of data to
each other. In classification, K-NN returns the most common class label among neighbors. For example, text classification, image classification,
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etc. In regression, K-NN defines the average value among K's nearest neighbors. K-NN has been used for modeling and forecasting, including
streamflow prediction. In streamflow forecasting, rather than the prediction another common application of K-NN is to join with other ML
approaches (hybrid model) and error prediction of the models, which can boost the performance of the hybrid models (Ababaei et al., 2013;
Akbari & Afshar, 2014).

7 | SYNTHETIC DATA AND STREAMFLOW FORECASTING

Stochastic data are synthetic and are randomly sampled from historical observed data. Stochastic data generation models can generate a long
sequence of the required variable (e.g., streamflow) if they are calibrated (trained) well using observed data.

The use of observed historical data is proven to be inadequate for streamflow prediction due to the reasons such as (1) instrumental data
does not necessarily capture the extreme conditions plausible to happen in the future since pre-instrumental extremes were more severe
than what is observed in the instrumental record and (2) nonstationary relationship between climate and flow as a consequence of climate
change, which causes using the climate data for runoff modeling prone to errors. On the other hand, there are uncertainties in climate change
data created by GCMs. Therefore, syntactic data become required especially to tackle forecasting under climate change uncertainties (Kiem
et al.,, 2021). Stochastic data have a few decades of history and one of the earliest works in hydrology is back in 1977 for predicting rainfall
using an auto-regression algorithm (Dyer, 1977). The use of stochastic data in water resources/security models has become a standard prac-
tice of water resources/supply agencies in recent years since the stochastic data can preserve key statistics of the instrumental (recorded)
inputs (e.g. rainfall, evaporation, flow) while covers the advantages briefed below. Figure 9 shows the range of possible flows created by sto-
chastically generated data (red dot line and the blue line is the medium) versus observed data (black dot). The graph is generated by Wathnet

(Kuczera, 1992, 2020). Subsection 10 (under Tools section) provides more details of the tool.

7.1 | Advantages

Stochastic data are a suitable replacement for recorded (instrumental) data because the generated data (if well-calibrated) can create
long sequences of streamflow data, that is based on the observed data and in which extreme dry/wet sequences are captured. These
extreme sequences do not necessarily occur in recorded data. Stochastically generated streamflow can tackle the problem of the non-
stationary relationship between rainfall and streamflow. The nonstationary relationship is normally not considered in rainfall-runoff
generated streamflow. The abovementioned advantages make the scholastic data more suitable for water resources assessments such

as yield studies.

7.2 | Disadvantages

The data generation process is dependent on several parameters and fine-tuning these parameters is sometimes difficult. This may cause

uncertainties on which way is better to follow.
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FIGURE 9 Comparison of range of possible flow by stochastic data versus observed flows (vertical axis flow mega liters) created by
Wathnet5.
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7.3 | Stochastic data generation

In the literature, a variety of alternative methods have been created and put to the test for generating stochastic data. These can be divided

into two types in general:

1. Short to long time scale method: Methods for generating stochastic data at short time scales (daily or sub-daily) that aim to replicate
the statistics for the short time scale at which the data are generated are known as short to long time scale methods. These methods
typically rely on scaling relationships to reproduce the statistics at longer time scales (such as multiday, seasonal, and annual time scales).

2. Largeto short time scale methods: first generate stochastic data at long time scales (seasonal, annual, or multi-year) using a parametric stochastic

generator, and stochastically disaggregate the resulting data to shorter time scales (monthly, daily, or sub-daily) using a nonparametric approach.

The short to long time scale are often used for systems where the results are more strongly influenced by events that occur at shorter
periods, such as floods or runoff events into systems with very little storage (e.g., household rainwater tanks). In contrast, long-to-short time
scale approaches are frequently used in systems where results are determined by longer-term factors, such as water resources planning for

metropolitan water supply systems, which can include extremely large multi-year reservoirs.

8 | PERFORMANCE FUNCTION

Performance functions are utilized for measuring the performance of the model by comparing the observed data with modeled results. Here

is a list of the most common performance functions that have been used in streamflow forecasting.

o Coefficient of correlation (R?).

e r: Pearson's correlation coefficient, Pearson (linear estimator) of correlation.

e Nash-Sutcliff efficiency (NSE): The NSE is calculated as one minus the ratio of the error variance of the modeled time series divided by the
variance of the observed time series. The perfect match (zero error) has a NSE equal to 1.

e Kling-Gupta efficiency (KGE; Gupta et al., 2009): KGE, a normalized hydrologic metric, evaluates overall performance geared toward high
flows (sensitive to outliers).

e Mean square error (MSE): MSE measures the average of the squares of the errors.

e Ratio of standard deviations (rSD): rSD indicates if flow variability is being over- or underestimated.

e Root mean square error (RMSE): RMSE (or root mean square deviation, RMSD) represents the square root of the second sample moment of
the differences between predicted values.

e Normalized root mean square error (NRMSE): NRMSE normalizes the RMSE by relating the RMSE to the observed range of the variable.

e PBIAS: Percent bias indicates if total streamflow volume is being over- or underestimated.

e Taylor diagram (Taylor, 2001): It can be used to visually compare different performance functions and indicate which of them is more realistic.

e PBIAS_HF: Percent bias of flows equal or greater than Q98 (Yilmaz et al., 2008) characterizes response to large precipitation events.

e PBIAS_LF: Percent bias of flows equal or less than Q30 (Yilmaz et al., 2008) characterizes baseflow.

9 | TOOLS

Nowadays, Microsoft Excel is a common tool for mathematical and graphical usage. Excel has got several capabilities that satisfy most of the day
to day needs. However, in cases like complex problems, problems that are repeated several times, and fast computations, Excel (even with Visual
Basic programming) may not be enough or practical. Therefore, standalone packages or tools that are based on programming tools such as R and

Python have been developed to help modelers. Below are some standalone tools or packages that have been used in streamflow forecasting.
9.1 | Stochastic data generators

9.1.1 | Stochastic Climate Library

With minor modifications in 2006 and 2007, the Stochastic Climate Library (SCL) software was initially made available in 2005. The eWater

toolbox still offers SCL, which was first created by the Cooperative Research Centre for Catchment Hydrology. SCL (Srikanthan et al., 2007)
contains the following options for stochastic models:
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e Annual rainfall—first-order autoregressive model with parameter uncertainty.

e Monthly rainfall—-modified method of fragments with annual data generated using the above annual rainfall model (long to short time scale).

e Daily rainfall—transition probability matrix (with Boughton's correction) (short to long time scale).

e Sub-daily rainfall-DRIP model (short to long time scale).

o Annual climate—first-order autoregressive multivariate model.

e Monthly climate—modified method of fragments (long to short time scale).

e Daily climate—first-order autoregressive multivariate model conditioned on rainfall state and nested in monthly and annual models (long to
short time scale).

e Multi-site daily rainfall—multi-site two-part model nested in monthly and annual models (long to short time scale).

Srikanthan et al. (2007) and the references therein provide comprehensive descriptions for each of these models. Tools are available in the
SCL user interface that enables the user to calibrate a stochastic data generation model and then produce stochastic replicates. The important
statistics from the underlying (historical) data can be easily compared to the generated replicates using features in the SCL user interface. This
capability is especially helpful for calibrating models. Also included in eWater Source software is the multi-site daily rainfall (long to short time
scale) generator from SCL (Satheesh, 2017).

9.1.2 | MSSSCAR

The multi-site multi-season multi-state contemporaneous auto-regressive model (MSSSCAR) is a tool that is provided in WATHNET5
(Kuczera, 1992, 2020). These are the key features of MSSSCAR:

e Multi-site: It can be used in a system or catchment that contains numerous sites with data on temperature, streamflow, evaporation, and/
or precipitation.

e Multi-season: It can be used to generate data for any number of seasons within a year or to generate data for a whole year (although be-
tween two and four seasons would be typical).

e Multi-state: Depending on one underlying climatic driver variable, such as the El Nifio Southern Oscillation (ENSO) or the Interdecadal
Pacific Oscillation, the yearly or seasonal generation model may (or may not) be conditioned (IPO).

e The annual/seasonal generation model maintains the autocorrelation structure of the annual or seasonal totals, that is, the degree to which
a wet or dry season or year is followed by additional wet or dry seasons or years.

e Produces outputs at daily, monthly, seasonal, or annual time steps, by disaggregating the generated seasonal or annual totals using the

method of fragments, with fragments selected using a kernel nearest neighbor approach.

In comparison to the models that are available in SCL, MSSSCAR offers many features that set it apart. In contrast to SCL's models, which
only output data on an annual time-step at first, the multiseason feature in MSSSCAR may be especially helpful for systems where there are
obvious shift between the wet and dry seasons. The stochastic data generation method may also be conditionally used with an underlying
climate driver in the MSSSCAR's multi-state feature, which is not possible with any of the SCL models. The disaggregation strategy used in
the majority of the models in SCL is far less tolerant of within-season (or within-year) variability in patterns than the kernel closest neighbor
approach used in MSSSCAR.

9.1.3 | foreSIGHT packagein R

The Systems Insights from Generation of Hydroclimatic Timeseries (foreSIGHT) package has been developed in the R statistical analysis sys-
tem (Bennett et al., 2018). foreSIGHT uses the stochastic data generation technique from (Richardson, 1981), which generates daily rainfall

occurrence and amount on a short to long period.

9.2 | MLtools

There are many tools and packages available for ML. Here is a list of the most common ones.
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o KNIME is a standalone software that provides a powerful capability and flexibility for data analysis. KNIME provides a platform where R,
Python, Java, and several other resources can be used and linked to each other simultaneously. Therefore, the common benefits of the
available resources can be summoned in this tool.

e ANNdotNET (https://github.com/bhrnjica/anndotnet) is an open source project for DL written in Csharp.

e R packages:

o NNbenchmark—a package to evaluate neural network R packages.

e rminer—R package for data mining, classification and regression.

o ANN2—R package for ANN.

e nnet—R package for ANN.

e Neuralnet R package: Training of neural networks using backpropagation, resilient backpropagation with or without weight backtracking
or the modified globally convergent version. The package allows flexible settings through custom-choice of error and activation function.
Furthermore, the calculation of generalized weights is implemented. The package can be found from here https://cran.r-project.org/web/
packages/neuralnet/index.html.

e Caret R package: The caret package, also known as Classification and REgression Training, is a collection of tools that aims to make the pro-
cess of developing predictive models more efficient. The package includes tools for data splitting, pre-processing, feature selection, model
tuning using resampling, variable importance estimation, as well as other functionality.

o CAST R package that offers the ability to use geographical or spatial-temporal data to run caret.

o earth—R package for Fast MARS.

e stats—R package for the MLR and GLM.

e RF—R package.

e mgcv—R package for GAM.

e Cubist—R package for M5 models.

e Python packages:

o NumPy: NumPy is the fundamental library for scientific computing in Python. It provides high-performance multi-dimensional arrays and a
wide range of mathematical functions for efficient data manipulation and analysis.

e Scikit-learn: Scikit-learn is a comprehensive ML library that provides a wide range of algorithms for supervised and unsupervised learning,
including regression, classification, clustering, and dimensionality reduction. Its user-friendly interface and extensive documentation make
it a popular choice for beginners and experts alike.

e TensorFlow: TensorFlow is a powerful open-source library for developing and deploying DL models. It offers a flexible and customizable
architecture that allows developers to build complex neural networks for various tasks, including image recognition, natural language pro-
cessing, and time series forecasting.

e PyTorch: PyTorch is another popular DL library known for its dynamic computational graph and ease of debugging. It provides a more intu-
itive and Pythonic interface compared to TensorFlow, making it a favorite among some developers.

e Keras: Keras is a high-level DL library that sits on top of TensorFlow or PyTorch, providing a simpler and more user-friendly API for building
and training neural networks. Its modular design makes it easy to experiment with different architectures and hyperparameters.

o XGBoost: XGBoost is a powerful gradient-boosting library that excels at regression and classification tasks. It is known for its accuracy,

efficiency, and ability to handle large datasets.

10 | CHALLENGES AND CONCLUSION

1. This paper reviewed the most recent studies on applications of DDAI-based approaches in streamflow forecasting and summarized in
Table Al. Nominating the best single or hybrid model of ML and other aspects of Al (FS, EC, and WT) is not possible and practical.
Since, as discussed in each section of ML algorithms, the authors have claimed the best performance approaches based on the per-
formance criteria they have used. Although there are common criteria, sometimes they have used different criteria. Even with common
criteria such as R?, RMSE, and NSE, the comparison is not possible because of the different combinations of input data, the purpose
of forecasting and lead-time, time steps, and the number of cases (case studies as one or many streamflow sites). Also, it can reveal
that the tuning of the parameters may be more important than the network and structure of the predictive model (Tabas et al., 2023).

2. This paper shows the recent advanced DDAI-based techniques can improve streamflow forecasting; however, given that historical records
of climate/streamflow data are temporarily limited (e.g., limited to 100years ago), the key challenges related to future streamflow and are
listed below.

e How to assess the performance of the long-term water resources systems in the severe conditions (such as droughts) that are more se-
vere than those included in the historical record.
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o How best to account for the impact of climate change in assessing the adequacy of the supply to meet current and future needs.
e How to cost-effectively manage the water supply system to ensure the security of supply (even in the most severe drought).

There is only one paper (Kiem et al., 2021) that started to tackle this issue by using the future projection of temperature, as
the most certain output of GCMs, to filter stochastic data and create a future projection of streamflow data under climate change.
However, there is room for more improvements in their method such as the application of Al techniques and testing more climate
variables such as maximum or minimum temperature. Although precipitation is among the less certain climate variables out of the

GCMs, the Al techniques reviewed in this paper can be used to make use of it with more reliability.

3. Raw data are always a challenge in streamflow forecasting because of issues such as the availability of data within the required range that
is suitable for calibration, missing observed data, outliers, and misleading noise. This paper reviewed a number of pre-processing methods
such as standardization, normalization, DWT, and CWT wavelet signal processes to improve the raw data and shape them to better fit for
modeling. However, there is room for the allocation of other techniques.
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TABLE A1 Summary of data-driven Al-based methods in streamflow forecasting.

Al method

ANN

ELM

ANN

LSTM

LST™M
VIF-PLC-LSTM
CNN-BAT
ANFIS
ANFIS
ANFIS-FFA
ANFIS-BA
ANFIS-PSO
ANFIS-GA
ANFIS-GBO

ANFIS-GWO

ANFIS-PSO

ANFIS-ACO

ANFIS-GA

ANFIS-DE

CFNN
SVM
SVR

SVR
LSSVM
SVM-WT

SVM-DWT
SVM-HHT
SVM-GA
PCA-SVM
GT-SVM
FS-SVM
MARS
MLR

MLR

RF

M5tree
GB

Application

Rainfall-runoff modeling

Streamflow forecast under climate change

Monthly long-term streamflow prediction based on 12 antecedent flow
Daily streamflow forecasting

Cascade streamflow forecasting

Daily runoff forecasting

Daily streamflow forecasting rainfall and runoff with antecedent events
Streamflow simulation using climate indices and ENSO effects

Daily streamflow prediction with limited data

Monthly streamflow forecasting

Monthly streamflow forecasting using predictors of lagged climate indices
Monthly streamflow forecasting using predictors of lagged climate indices
Monthly streamflow forecasting using predictors of lagged climate indices

Monthly streamflow forecasting using climate data and antecedent flow

Monthly streamflow forecasting using climate data and antecedent flow

Monthly streamflow forecasting using climate data and antecedent flow

Monthly streamflow forecasting using climate data and antecedent flow

Monthly streamflow forecasting using climate data and antecedent flow

Monthly streamflow forecasting using climate data and antecedent flow

Monthly river flow prediction using flow and climate data

Daily streamflow forecasting

Streamflow forecast under climate change

Monthly long-term streamflow prediction based on 12 antecedent flow
Predict streamflow based on antecedent flow

Daily streamflow forecasting using antecedent flow data and lead-time 3-5days

Monthly streamflow forecasting

Monthly streamflow forecasting

Monthly streamflow forecasting

Monthly streamflow forecasting with maximum of 3 months lead-time
Monthly streamflow forecasting with maximum of 3 months lead-time
Monthly streamflow forecasting with maximum of 3 months lead-time
Predict streamflow based on antecedent flow

Daily streamflow prediction with covariable selection

Daily streamflow prediction with 1-5days lead time

Daily streamflow forecasting using different co-variables

Monthly streamflow prediction using climate signals and antecedent flow

Various types of streamflow forecasting

Author and year

Shortridge et al. (2016)

Zhu et al. (2019)

Lin et al. (2006)
Rahimzad et al. (2021)
Liu et al. (2022)

Lian et al. (2022)
Khosravi et al. (2022)
Sharma et al. (2015)
Ashrafi et al. (2017)
Yaseen et al. (2017)
Ehteram et al. (2019)
Ehteram et al. (2019)
Ehteram et al. (2019)

Adnan, Zounemat-
Kermani, et al. (2021)

Adnan, Zounemat-
Kermani, et al. (2021)

Adnan, Zounemat-
Kermani, et al. (2021)

Adnan, Zounemat-
Kermani, et al. (2021)

Adnan, Zounemat-
Kermani, et al. (2021)

Adnan, Zounemat-
Kermani, et al. (2021)

Hayder et al. (2020)
Hipni et al. (2013)
Zhu et al. (2019)
Lin et al. (2006)
Kisi et al. (2019)

Kambalimath and
Deka (2021)

Kalteh (2013)
Kalteh (2013)
Kalteh (2013)
Noori et al. (2011)
Noori et al. (2011)
Noori et al. (2011)
Kisi et al. (2019)
Reis et al. (2021)
Zhang et al. (2024)

Adnan, Zounemat-
Kermani, et al. (2021)

Kisi et al. (2019)

Ni et al. (2020),
Ahmadianfar
et al. (2023)
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TABLE A1 (Continued)

Al method Application Author and year
K-NN Daily streamflow forecasting for reservoir Akbari and
Afshar (2014), Ababaei
et al. (2013)
Stochastic Streamflow selection (prediction) under climate change Kiem et al. (2021)

Abbreviations: ACO, ant colony optimization; Al, artificial intelligence; ANFIS, adaptive neuro-fuzzy inference system; ANN, artificial neural network;
BA, bat algorithm; BAT, bat algorithm; CFNN, cascade-forward neural networks; CNN, convolutional neural network; DE, differential equation;

DWT, discrete wavelet transform; ELM, extreme learning machine; ENSO, El Nifio Southern Oscillation; FFA, firefly optimization algorithm; FS, fuzzy
set; GA, genetic algorithm; GB, gradient boosting; GBO, gradient-based optimization; GT, gamma test; GWO, Gray Wolf optimizer; HHT, Hilbert-
Huang transform; K-NN, K-nearest neighbors; LSSVM, least square support vector machine; LSTM, long short-term memory; MARS, multivariate
adaptive regression Splines; MLR, multiple linear regression; PCA, principal component analysis; PLC, pairwise linear correlation; PSO, particle swarm
optimization; RF, random forest; SVM, support vector machine; SVR, support vector regression; VIF, variance inflation factor; WT, wavelet transform.

APPENDIX B

PRACTICAL EXAMPLE
This manuscript reviewed the recent data-driven artificial intelligence-based methods and tools. However, using these techniques and tools
in practice may not be easy and straightforward, especially for beginners. This section provides a simple example of a streamflow forecasting
problem and shows how to use different techniques to predict. A copy of the code and the input data are provided on GitHub: https://github.
com/HeerbodJ/Streamflow_Forecasting.

Historical streamflows are available from Jan 1913 to Nov 2021 for a particular site (Monthy_Stf.csv). The question is to predict Dec 2021.
In other words, the question here is how to predict Dec flow based on the antecedent flows (Jan to Nov). The R code is Data-driven_Al_
Streamflow.R which is self-explanatory with text before each line of the code.
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