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ABSTRACT：Investigating the nonlinear behaviors of river water quality changes are of significant 

for catchment science. The emerging of data-intensive pathway for scientific investigation opens a 

new era for environment and hydrology science.  In this review paper, two kinds of river water quality 

systems are firstly defined. Their associated time domain chaos behavior, frequency domain fractal 

behavior, teleconnection behavior based on complex network, and information entropy 

characterization, are discussed under a unified framework. Knowledge gaps on this data-intensive 

pathway are identified and future studies relative to phenomenological theory are proposed. It is 

necessary to establish the model with high precision data to capture the chaos information of water 

quality time series to a greater extent. The question that whether the complex network exists widely in 

river quality system and how to use complex network to instruct water quality modeling and 

management need to be solved. Besides, the research of information domain is in the preliminary 

stage, it is a mainstream direction to directly learn the evolution characteristics of it for water quality 

system through deep learning technology and big data. This commentary wakes up an open area for 

many potential interesting findings in water environment science. 
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I. INTRODUCTION 

Since the beginning of human exploration of science, scientific research has entered the three stages: 

experimental observation, theoretical deduction and computational simulation, and is now entering the fourth 

paradigm data-intensive research (Chen and Zhang 2014; Gorton et al. 2008; Hey, Tansley, and Tolle 2009; 

Kouzes et al. 2009). Compared to computational simulation, which derives the result based on the understanding 

of the law of causation determined by known physics regulation, the data intensive paradigm establishes 

complex correlations between multidimensional parameters based on data analyzed by algorithms or 

phenomenology. The reason for this paradigm shift in science is the explosion of experimental observational 

data and the unique superiority of artificial intelligence techniques, providing a new way to analytically solve 

complex scientific problems in complex systems (Hochachka et al. 2012; Hogle 2016; Kelling et al. 2009; 

Michener and Jones 2012; Newman, Ellisman, and Orcutt 2003; Peters-Lidard et al. 2017). 

 

Nonlinear science is a comprehensive basic science that reveal the law of complex movement in regional 

systems (Drazin and Drazin 1992), which is also an important frontier in the development of modern 

hydrological theory and applied basic research on water resources security under changing environments 

(Kundzewicz and Napiórkowski 1986). It has drawn a lot of attention from scholars and is currently focused on 

exploring the issue of water quantity change (Kirchner 2009).The surface water environmental system 

characterized by water quality indicators is likewise an open, complex, nonlinear system, as well as a dynamic 

non-equilibrium composite system (Kirchner and Neal 2013), as shown in Figure 1. Systematic analysis of 

spatio-temporal changes in river water quality could provide a significant scientific basis for watershed water 

quality management and water resources development and utilization. 
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Figure 1. Diagram of water transport process 

Nonlinear effects in water systems are generally studied using mechanistic models based on physical processes 

and systematical analysis based on data-driven techniques. Currently, in the field of hydrology and water 

environments, the study of water quality processes on the land surface or in-stream is more often analyzed using 

physical process models(Zhang, Zhang, and Liu 2007). However, it is difficult to exhaust all physical-chemical-

biological processes in a physical process model, and even if all of them are described, the model will be too 

complex for practical application. 

 

Therefore, in many cases, valuable information needs to be extracted from the growing wealth of data through 

suitable data-driven or phenomenological methods (Chin 2008; Powers et al. 1994). However,  due to the high 

cost of water quality monitoring and interdisciplinary reasons, the research on river water quality change 

patterns from the system approach is extremely limited. Theoretically, phenomenological analysis based on time 

series could uncover the universal laws and essential features of the nonlinear behavior of water quality systems 

(Kirchner, Feng, and Neal 2000; Kirchner and Neal 2013). With the rapid development of online monitoring, 

big data, artificial intelligence, and other emerging technologies in recent years, the trend of expanding the 

integration of water science is becoming more obvious, which creates an important opportunity to re-explore the 

basic laws of water quality system changes from the perspective of data science and phenomenology. It is 

necessary to present a summary of the existing research and future development of data intensive analysis of 

river water quality as a nonlinear dynamic system (Govindaraju 2000; Kim et al. 2021; Lange and Sippel 2020). 

II. DEFINITION OF TWO TYPES OF RIVER WATER QUALITY SYSTEM 

Factors affecting river water quality come from a variety of sources including physics, chemistry, biology, 

hydrology, meteorology, and human activities. The spatial and temporal patterns of river water quality driven by 

these complex variables can be analyzed and studied from two different perspectives. From one perspective, 

they can be seen as a process of transport of material energy (dissolved matter, substrate, temperature, bacteria, 

etc.) in the river, which is usually described using a physical process model (Xu and Liao 2003). From the other 

perspective, they are regarded as a collection of parameters reflecting the quality state of the target water body, 

or as a system in the statistical–physical sense, characterized by a data-driven model or phenomenology model. 

In this paper, we define two types of water quality systems observed under different perspectives as water 

quality system-I (WQS-I) and water quality system-II (WQS-II). They are different in terms of analytical 

methods, purpose, and scope of application.  

 

The spatial and temporal variations in water quality in rivers include temporal variation at a point, 

spatiotemporal variation in the diffusion of pollutants, and temporal variation in the overall water quality status 

of a watershed or region. In this article, we propose the following definitions: (1) A change in the water quality 

concentration at specific points at different time resolutions is called a fluctuation in water quality. Fluctuation 

in WQS-I is manifested in the form of a pollutant penetration curve and is monitored in time series of water 

quality in WQS-II. (2) The overall spatial and temporal variation in water quality in a watershed refers to 

evolution, which is expressed as the transport process of pollution masses in WQS-I and the trend of water 

quality change in WQS-II. In addition, due to topography, interactions between surface water and groundwater, 

meteorology, human activities, and other factors, fluctuations in water quality at different points in different 

watersheds must have a connection, and some of them are teleconnections that are difficult to observe. 
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Figure 2. Conceptual framework for river water quality as a nonlinear dynamic system 

Based on the viewpoint of systemic analysis, a system would be a nonlinear system if the relationship between 

input and output or the connection with internal state variables does not satisfy the linear superposition 

principle. Nonlinear science is a basic discipline that studies the commonality of nonlinear systems, and its 

research scope is wide, including fractals, periodic oscillations, bifurcation, complexity, chaos, and speckle 

patterns. After decades of development and application, nonlinear science has involved many fields of natural 

and social sciences. Complexity, uncertainty, and self-similarity are several important research problems of 

nonlinear systems. The nonlinear behaviors of evolution in WQS-I and fluctuation in WQS-II correspond to 

systematic macro-thermodynamics and system dynamics characteristics, respectively, as shown in Figure 2.. 

III. RESEARCH ON HYDROLOGICAL AND WATER QUALITY NONLINEAR 

DYNAMIC SYSTEM 

The theory and methods of nonlinear hydrological systems, which mainly study the variation in water volume, 

have produced a lot of research results and played an important role in production practice. Xia gave a complete 

introduction to system identification theory and methods in 2002 (Xia 2002) and proposed a distributed time-

variant gain model expressed by the generalized Volterra functional series (Xia et al. 2004). Sivakumar has 

conducted extensive research on the chaotic dynamics of hydrological systems (Sivakumar 2000; Sivakumar 

2016). Zhang et al. generalized the mechanism of nonlinear hydrological effects (Zhang 2013), which included: 

(1) impact of watershed organization patterns; (2) complex combinations and interactions of factors within the 

basin system; (3) interaction between basin and external environment; (4) variation in key control factors at 

different temporal and spatial scales. 

 

Compared to water quantity simulation research, the development of water quality process modeling has lagged 

behind. In addition, due to the interdisciplinary, expensive monitoring and analysis of chemical components, 

there have been relatively few nonlinear studies on water quality systems. The current research on the behavior 

of nonlinear water quality systems generally includes chaos in the time domain, fractal scaling in the frequency 

domain, and complex networks in the geography domain. These important nonlinear system behaviors in river 

water quality systems have a specific space–time span, as shown in Figure 3. 

Chaotic characteristics of river water quality time domain "fluctuation" and knowledge gaps : Chaos is an 

extrinsic, complex, and seemingly irregular motion in a deterministic system due to intrinsic randomness, which 

is summarized by Lorenz as the so-called "butterfly effect" (Scott 2007; Bradley and Kantz 2015; He 2000; Xu, 

Liao, and You 2009; Quade et al. 2018). It is an inherent characteristic of nonlinear dynamical systems and is a 

common phenomenon in nonlinear systems (Oestreicher 2022; Thietart and Forgues 1995). Chaos is a stochastic 

motion in a deterministic nonlinear dynamical system, where the process is between deterministic and stochastic 

relations. Chaos theory started in the 1980s and has been widely applied to study various social and natural 

phenomena (Aguirre and Letellier 2009; Balazs and Voros 1986; Guegan 2009; Olsen and Degn 1985; Skinner 

et al. 1992). 
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Figure 3. Spatial and temporal scale diagram of nonlinear phenomena in river water quality system 

 

In hydrological studies, the chaotic dynamics behavior of nonlinear processes such as runoff, rainfall, 

rainfall/runoff ratio, bottom sediment transport, and groundwater dissolved matter transport have been studied 

more frequently (Sivakumar 2000; Sivakumar 2016). Chaos theory and methods for river water quality systems 

are rarely reported; at present, the relevant papers mainly focus on chaotic water quality prediction models, and 

only dissolved oxygen parameters have been studied (Xu et al. 2003; Heddam 2022; Wu, Lu, and Wang 2009). 

There is no systematic and in-depth analysis of the characteristics and mechanisms of chaotic behavior of river 

water quality systems based on a big dataset; furthermore, there is a lack of understanding of the manifestation, 

mechanism, and influencing factors of the chaotic phenomenon of river water quality systems, that is, there is a 

gray area of theory and knowledge, and there are many questions worth answering, such as the following: In 

what circumstances are there water quality fluctuations in the process of chaotic phenomena? What is the 

difference between the chaotic behavior of water quality fluctuations characterized by different water quality 

parameters and sampling frequency? Are there differences in chaotic characteristics at different stations, and 

what are the influencing factors?  

 

Non-dynamic systems of a lower order are often reconstructed by the techniques of reconstructing the phase 

space in research methods to form multi-input, multi-output systems. When a dissipative system reaches an 

equilibrium state after a long time of evolution, its orbit is attributed to a finite region in the phase space, i.e., the 

attractor. The chaotic structure of the system can be determined by calculating the correlation dimensions D of 

the attractor, the Lyapunov exponents, and other characteristic quantities. Most of the studies of chaotic 

dynamics in hydrology are based on the above framework. The intrinsic determinism of chaotic phenomena 

allows many stochastic phenomena to be predicted (Sivakumar, Berndtsson, and Persson 2001) such as the 

Lyapunov exponent method (Zhang 2013). However, most of them are short-term forecast. Recent advances in 

machine learning and deep learning techniques have brought new approaches to chaotic forecasting and also 

improved the spatiotemporal scales of forecasting, but the basic forecasting framework is still within the process 

shown in Figure 4. In 2015, it was reported that a machine learning method based on empirical dynamics 

simulation established a salmon fishery resource model with chaotic characteristics (Ye et al. 2015), which 

effectively predicted and analyzed nonlinear phenomena. The mechanism relationship between environment and 

population biology ignored by the fishery resource model was found. In 2018, Pathak et al. found that the 

evolution of chaotic systems at a large space–time scale could be successfully predicted by a reservoir 

computing system (Pathak et al. 2018). After training with the evolution data of the Kuramoto–Sivashinsky 

equation, the neural network system approximately predicted the evolution of the flame system in the next eight 

Lyapunov time lengths, which is an eight-fold improvement over the traditional prediction methods. Moreover, 

the Lyapunov attractor was also successfully reconstructed (Pathak et al. 2017). This conclusion found a 

breakthrough for developing new models for water quality prediction that could be long-term forecast, which 

could combine a chaotic system phenomenology index and reservoir computing system to build new data-driven 

models. In turn, advanced machine learning methods can be used to discover new mechanistic relationships 

among influencing factors on water quality changes. 
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Figure 4. Phase space reconstruction-based traditional framework of water quality prediction in chaos system 

Frequency domain analysis of river water quality system fluctuation and knowledge gaps : In the analysis 

of water quality system fluctuations in the frequency domain, the fractal characteristics of hydrological time 

series and the identification of transient events are the key points of research. Fractality is a common nonlinear 

system characteristic in hydrological simulation, which refers to the existence of some form of similarity 

between the local and the whole of the study object (Aguirre, Viana, and Sanjuán 2009). From the angle of 

hydrological analysis, the complexity and uncertainty of a hydrological system would be more obvious with an 

increasing time scale, which undoubtedly brings challenges to hydrological research. Fractal scaling provides a 

possibility that hydrological representation at different time scales could be inferred from it at a specific time 

scale. Hurst used rescale range analysis (R/S analysis) to calculate the Hurst index to study the storage capacity 

of the Aswan High Dam in Egypt in 1951 (Hurst 1951), which first introduced the concept of fractals into the 

field of hydrology. In 1982, Benoit Mandelbrot infused the self-similarity property of fractals with that of Hurst 

(Mandelbrot 1982). At present, spectral analysis (Li et al. 2005; Teknik and Ghods 2017), wavelet transform 

(Rehman and Siddiqi 2009; Sharma, Pachori, and Acharya 2017; Zhu, Jin, and Du 2012), and detrend 

fluctuation analysis (DFA) (David et al. 2020; Dewandaru et al. 2015) have been used to investigate fractal 

behavior, as shown in Figure 5. Evidently, river water quality has periodic and seasonal changes under the joint 

influence of hydrometeorological and human activities. Meanwhile, the fluctuations in some chemical 

components would show time fractal characteristics in the frequency domain. James and Colin delved into the 

possible causes of the 1/f time fractality and influence of it on water quality trend detection and solute transport 

(Kirchner, Feng, and Neal 2000; Kirchner and Neal 2013). Although this work was pioneering, the time 

resolution of the observation data only reached the accuracy of 7-hour sampling intervals, while other scenarios 

with large watersheds and tidal river flows were not analyzed. 

 

Moreover, transient events such as precipitation and pollution leakage would lead to non-periodic abnormal 

fluctuations in the water quality system, as shown in Figure 6. It is of great significance to identify the 

occurrence and pattern of these transient events. Dohan and Whitfield established the identification of short-

term transient events for electrical conductivity and temperature based on 15-minute high-frequency sensor 

monitoring and wavelet transform (Dohan and Whitfield 1997). The approximate location, duration, and 

intensity of transient events were identified by separating periodic signals. Jang et al. studied an anomaly 

detection and warning technology with high-time-resolution measurements, wavelet analysis, and machine 

learning, which greatly shortened the average detection time and improved the accuracy (Jiang et al. 2020).  
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Figure 5. Research methods of time fractal behavior(Kirchner and Neal 2013; Habib et al. 2017) 

 

Figure 6. Detection of transient event by wavelet analysis  

The fractal behavior and the corresponding driving mechanism of abnormal events are not clear, and future 

research needs to build models based on the support of high-precision data to capture the information of water 

quality time series to a greater extent. 

 

The fractal behavior and the corresponding driving mechanism of abnormal events are not clear, and future 

research needs to build models based on the support of high-precision data to capture the information of water 

quality time series to a greater extent. 

Complex network theory and knowledge gaps for the geographical linkage of river water quality 

fluctuations : Complexity is the essential characteristic of a nonlinear system of river water quality. In addition 

to the temporal complexity shown in time, there is also the complexity of spatial linkages. The topography and 

geomorphology, surface–groundwater interaction, regional meteorology, human activities, and other factors in 

the spatial complexity of the impact inevitably lead to the existence of a complex correlation (called 

geographical linkage) of water quality changes in the watershed or regional spatial points, some of which are far 

apart long-range links. These connections can be described and studied through effective modeling of complex 

network theory, which has been developed rapidly in recent years. 

 

"Complexity" is relative to "simplicity"; there is no unified understanding of the precise definition of 

"complexity" in scientific theory and practical application. It can be said that complex things "consist of 

interconnected or intertwined parts" (Sivakumar and Singh 2012). The extent to which the interrelationships 

between the components of a system can be explained by existing knowledge, and the number of types of tools 

that can model these interconnections (Sivakumar 2015), can characterize system complexity. A "network" can 

be defined as a collection of things linked together, which can be linear or nonlinear, strong or weak, known or 

unknown, etc. The nature and strength of these connections are critical to the study of the system as a whole. 
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Since the 1950s, random graph theory has been used to study the statistical properties of some large-scale, 

complex systems. In 1998, Watts et al. triggered a worldwide wave of complex network research and marked 

the beginning of complex network research in the modern sense (Watts and Strogatz 1998). Since the 1990s, 

complex networks have gradually formed a more self-complete discipline, which is even called the "new science 

of networks" (Albert, Jeong, and Barabási 1999; Barabási and Albert 1999; Watts 2004). Bibliometric analysis 

showed that the "h-index" of the subject term "complex networks" reached 126. 

 

However, equally surprising is the limited research on complex networks in the field of hydrology and water 

environments. In 2014, Sivakumar identified the lack of research on complex network phenomena in hydrology 

(Sivakumar and Singh 2012) and subsequently published several papers expanding the new field of hydrological 

complex network research (Kirchner, Feng, and Neal 2000; Sivakumar 2016). Correlations between the 

characteristic parameters of rainfall and runoff complex networks and geographic factors were found, as well as 

the preference of runoff complex networks for small-world and scale-free networks (Sivakumar 2015; Watts and 

Strogatz 1998). Some studies have analyzed complex networks of runoff time series (Li et al. 2012) and 

hydroclimate factors (Liu 2014), but not geographically complex networks. Xiang et al. optimized an urban 

water quality monitoring network using a Petri network (Xiang, Chen, and Li 2016), and Sitzenfrei et al. 

(Sitzenfrei et al. 2020) optimized an urban water supply and drainage network based on complex network 

science. Gayer et al. (Gayer et al. 2021) used complex network models to assess the impact of anthropogenic 

elements on river water quality. Zischg et al. (Zischg et al. 2019) used complex network science to evaluate the 

stability of a water distribution network. Simone et al. (Simone et al. 2022) used a complex network to 

accurately monitor the vulnerability and monitoring design of urban drainage networks, pollutants, and the 

spread of pathogens. 

 

The research on complex networks is almost blank in the analysis of river water quality systems, and there are 

only reports on complex networks of water blooms in lakes and reservoirs, which are an urgent need of research. 

Jiang et al. presented preliminary results at the EGU2022 meeting (Jiang et al. 2022). Therefore, many questions 

are worth exploring and answering, including the following: Are complex network phenomena prevalent in river 

water quality systems? What kind of complex network patterns do they tend to have, and what are their driving 

mechanisms? Are there differences in complex network characteristics of water quality systems under different 

water quality parameters and time resolutions? How can network information be used to guide water quality 

modeling and management? (Figure 7) In addition, what is the intrinsic connection between chaos, fractals, and 

complex networks of water quality fluctuations? How can the phenomenological feature index be integrated for 

water quality prediction, monitoring network optimization, and other practical applications? These are deep 

questions that need to be studied. 

 
 

 

Figure 7. Schematic diagram of regional complex network 

IV. INFORMATION DOMAIN CHARACTERIZATION IN THE "EVOLUTIONARY" 

THERMODYNAMICS OF RIVER WATER QUALITY SYSTEMS 

Corresponding to the dynamics behavior of the time-series change of the water quality system is the 

thermodynamic law of the overall state evolution. As a water quality system is a nonlinear system far from the 

equilibrium state, the diffusion and reaction processes of material components are irreversible, and in the 

evolution process, they may appear in space and can be directly observed in the self-organization, pattern, 
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chaos, and other critical phenomena. By analyzing the evolution law of the transport process of water quality 

components, the key time and space nodes can be extracted and the pollution process can be effectively 

monitored. Statistical information theory provides an effective tool for the characterization and analysis of this 

non-equilibrium thermodynamic behavior, as shown in Figure 8. 

 

Figure 8. Schematic representation of the information domain 

Information theory was first proposed by Shannon in 1948 in the study of communication systems (Shannon 

1948), and one of the important concepts is ―information entropy‖ as a measure of the degree of uncertainty. 

The term ―information entropy‖ was borrowed from thermodynamics by Shannon, and it was the first time 

information was expressed in a quantitative way, which attracted widespread attention in academic circles. At 

present, information entropy theory has been widely used in communication, image processing, bioinformatics, 

hydrology, statistics, and other engineering and scientific fields (Wang and Zhu 2001). V.P. Singh conducted a 

more systematic study on the application of information entropy in hydrological and hydraulic engineering 

(Singh 2014). 

 

The analysis of the convective diffusion process (ADR process, i.e., the first type of water quality system in this 

study) of pollutants in water bodies using information entropy started in 1983. Senf (1983) deduced that the 

"functional information" in a one-dimensional diffusion model increases to the maximum with time, that is, the 

"critical time" needed for an equilibrium state by using information entropy (Senf 1983). In 1994, Kitanidis of 

Stanford University proposed the concept of the dilution index ―E‖ as a quantitative description of the 

concentration information entropy in the ARD process and analyzed the variation law of the dilution index in 

the Gaussian diffusion process (Kitanidis 1994). In 2017, Chiognan and Rolle of the Technical University of 

Munich combined the ideas of Senf and Kitanidis and further proposed the concept of the "critical reaction 

time" (Chiogna and Rolle 2017). The deformation, mixing, and reaction kinetics of contaminant clusters 

between spiral flows in three-dimensional porous media were analyzed by using the dilution index (Hazas et al. 

2022; Ye et al. 2020). In recent years, Jiang et al. discovered the spatial variation in information entropy in ADR 

systems and proposed the phenomenological index of the critical location to monitor network design (Shi et al. 

2018). The critical location index is used to monitor the network design. For the study of multiphase flow 

systems, some researchers adopted a multivariate multiscale increment entropy (MMIE)-based method (Wang 

and Jin 2020). The results show that MMIE can effectively reveal the dynamic complexity of different flow 

types and their evolutionary behavior with changes in the flow regime, indicating the advantage of information 

entropy tools in describing problems such as complex systems' characteristics and evolutionary processes. 

 

At present, the research on the non-equilibrium-state thermodynamics of the evolution of the first type of water 

quality system under information entropy characterization (called the "information domain") is in the initial 

stage (Aghakouchak 2014; Alfonso, Lobbrecht, and Price 2010; Keum et al. 2017; Singh 1997); although some 

considerable research results have been obtained, there are still a series of issues that need to be elucidated. The 

characteristics of the critical reaction time and critical position of the ADR process under different flow regimes 

and different inputs and constraints of signal sources (pollution sources) have not been fully clarified. The 

research on the spatiotemporal variation in information entropy in the source, activation, and migration process 

of water quality components in complex rivers is still insufficient. Information flow characteristics, whether 

they depend on the material flow and energy flow, whether they are as constant as the material flow and energy 

flow, and whether they can be standardized or are the inverse of the source information, still require further 

research. Based on the diverse information entropy index, whether it can establish a bridge towards water 

environment management and provide corresponding criteria for water environment management decisions 

under various situations is a topic worthy of research. Can the possible pattern phenomenon of the river water 

quality system be observed under the information entropy perspective (Kirchner thinks it is unlikely to appear as 
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a critical phenomenon(Kirchner and Neal 2013))? The question of how to directly learn the information entropy 

evolutionary features of water quality systems through big data and the latest physics-informed deep learning 

techniques (Raissi, Perdikaris, and Karniadakis 2019) is also worth exploring. 

V. FUTURE RESEARCH 

Data-intensive science is closely related to phenomenological theory in physics. Famous physical scientist Yang 

Z (Yang 1998) divides physics into three paths: experiment, phenomenological theory, and theoretical 

framework. Phenomenological theory lies between experimental observation and theoretical framework. 

Phenomenology states that the physical law can be obtained by generalizing experimental facts rather than their 

internal causes when explaining physical phenomena. The relation of phenomenological theory to experiment 

and theory is shown in Figure 9. 

 

 

Figure 9. The relation of phenomenological theory to experiment and theory 

Drawing on the above methodological system, future research on this topic could be explored by relying on the 

emerging research path: data-intensive analysis–phenomenological law presentation–mechanism interpretation 

and application. Starting from the analytical methods of phenomenology and system theory, a new framework 

for water quality system analysis should be developed and established. There are many valuable studies to be 

carried out in the future from the four aspects of dynamics, thermodynamics, mechanism analysis, and 

management method development. 

Law of dynamics: Nonlinear behavior of river water quality "fluctuation": For normal fluctuations in water 

quality at a single site, the chaos phenomenon that may appear in the time series of typical water quality 

parameters such as dissolved oxygen, nitrate nitrogen, turbidity, conductance, and chloride ions under different 

time resolutions could be revealed through phase space reconstruction, and the law of characteristic quantities 

such as the phase space structure, correlation only, and Lyapunov index could be explored. It is important to 

explore the periodic characteristics and scale-free phenomena that typical water quality parameters may present 

in the frequency domain under a high time resolution and find the fractal scale index characteristics of typical 

parameters in a typical watershed. 

 

For abnormal water quality fluctuations at a single station caused by short-term events such as rainfall, point 

source discharge, and blooms, the frequency-domain characteristics of typical water quality parameters under 

abnormal events could be studied by wavelet transform to identify different abnormal modes.For the potential 

"long-range" connections between water quality stations in the basin and regions, the complex network 

characteristics of river water quality systems in the region could be analyzed using the network topological 

feature index, and the possible "small-world model" and other complex network models in the transport of 

dissolved matter could be explored based on the correlation of water quality fluctuations at the stations. 

Laws of thermodynamics: Nonlinear behavior of river water quality "evolution":The basic framework of 

information-domain river water quality system analysis needs to be investigated, including the probability space 

definition, statistical sampling method, and system boundary definition. For the transport process of a single 

component, the spatial and temporal evolution of information entropy under different input characteristics of 

information sources could be analyzed, and the analytical expressions and numerical solutions of 

thermodynamic state indices such as the dilution index, critical migration time, and critical migration distance 

defined by information entropy need to be derived. 

For the complex water chemical reactions of nitrogen and phosphorus nutrients in rivers, the spatiotemporal 

variation in information entropy in the water component source and activation and migration processes needs to 

be investigated. Meanwhile, the data of river tracer tests need to be collected on a large scale. After that, the rule 

of information entropy of tracer tests could be calculated directly through data statistics to verify the theoretical 

solution. 

AI: Driving Mechanism analysis of nonlinear features and feature reconstruction based on Machine 

learning : For the characteristics of chaotic nonlinear dynamics and scale-free phenomena of single stations, the 

possible mechanisms of chaotic behavior and scale-free phenomena need to be analyzed from human activities 

and natural factors, and the conditions and thresholds of the above nonlinear characteristics need to be explored 

qualitatively and quantitatively by combining the mechanism model of a typical watershed and big data 

analysis. 
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For the complex network characteristics of regional water quality connection in a typical watershed, the physical 

transmission process of the complex network model of typical water quality needs to be analyzed, and the 

evolutionary dynamic mechanism of the network needs to be analyzed in combination with the hydrological and 

water quality model of the basin. The sources, transport routes, and fluxes of river nutrients could be analyzed 

based on high-frequency observation. Moreover, it is necessary to explore the possible correlation among 

chaotic features in the time domain, fractal features in the frequency domain, and regional complex network 

features of each station in the basin, and use information entropy to explore the causal relationship of nonlinear 

features. 

 

It is worth noting that the nonlinear dynamic characteristic indices such as the chaotic Lyapunov index and 

scale-free index need to be learned from water quality time series by using the reserve pool calculation system. 

The evolution of information entropy under the control of nonlinear partial differential equations needs to be 

studied using physics-informed deep learning technology. 

New management methodology: Development of water environment modeling and management based on 

phenomenological feature index : Based on the characteristic rule and mechanism of the "time–frequency–

geo-information domain" of the above water quality system, innovative application research on water 

environment monitoring, modeling, and management could be carried out around typical river basins. This 

includes new models of water quality prediction and parameter estimation based on a chaotic characteristic 

index and advanced deep learning technology, new methods of quantitative design of monitoring networks 

based on information entropy and a complex network index, new classification systems of river water 

environment systems based on a nonlinear characteristic index, and new models of nutrient migration law 

analysis based on complex networks. 

VI. CONCLUSION 

In the field of hydrology, nonlinear system theory mainly takes the variation in water quantity as the research 

object; investigations of river water quality are relatively few. This review summarizes the research progress of 

chaotic behavior in the time domain, fractal behavior in the frequency domain, complex network behavior in the 

geographic space, and information-domain characterization of river water quality as a nonlinear system. For 

chaotic behavior, most studies tend to predict future behavior with big data and models, while the characteristic 

and mechanism of chaos are not deeply analyzed. Since the driving mechanism of time fractals is still unclear, it 

is necessary to establish a model with high-precision data to capture the information of water quality time series 

to a greater extent. Similarly, many gaps remain in complex networks. The question of whether complex 

networks widely exist in river quality systems, and of how to use complex networks to instruct water quality 

modeling and management, needs to be solved. Moreover, the research of the information domain is in the 

preliminary stage; it is a mainstream direction to directly learn the evolution characteristics of it for water 

quality systems through deep learning technology and big data. 
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