

  hydrology-10-00130




hydrology-10-00130







Hydrology 2023, 10(6), 130; doi:10.3390/hydrology10060130




Review



Use of Mixed Methods in the Science of Hydrological Extremes: What Are Their Contributions?



Raymond Kabo *[image: Orcid], Marc-André Bourgault[image: Orcid], Jean François Bissonnette[image: Orcid], Nathalie Barrette[image: Orcid] and Louis Tanguay[image: Orcid]





Department of Geography, Laval University, Québec, QC G1V 0A6, Canada









*



Correspondence: raymond.kabo.1@ulaval.ca; Tel.: +1-418-929-0626







Academic Editors: Monzur Imteaz, Md Jahangir Alam and Abdallah Shanbleh



Received: 23 May 2023 / Accepted: 6 June 2023 / Published: 9 June 2023



Abstract

:

Research in hydrological sciences is constantly evolving to provide adequate answers to address various water-related issues. Methodological approaches inspired by mathematical and physical sciences have shaped hydrological sciences from its inceptions to the present day. Nowadays, as a better understanding of the social consequences of extreme meteorological events and of the population’s ability to adapt to these becomes increasingly necessary, hydrological sciences have begun to integrate knowledge from social sciences. Such knowledge allows for the study of complex social-ecological realities surrounding hydrological phenomena, such as citizens’ perception of water resources, as well as individual and collective behaviors related to water management. Using a mixed methods approach to combine quantitative and qualitative approaches has thus become necessary to understand the complexity of hydrological phenomena and propose adequate solutions for their management. In this paper, we detail how mixed methods can be used to research flood hydrology and low-flow conditions, as well as in the management of these hydrological extremes, through the analysis of case studies. We frame our analysis within the three paradigms (positivism, post-positivism, and constructivism) and four research designs (triangulation, complementary, explanatory, and exploratory) that guide research in hydrology. We show that mixed methods can notably contribute to the densification of data on extreme flood events to help reduce forecasting uncertainties, to the production of knowledge on low-flow hydrological states that are insufficiently documented, and to improving participatory decision making in water management and in handling extreme hydrological events.
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1. Introduction


Many studies in hydrological science aim to understand, explain, and propose solutions to low water quality and availability, as well as to flooding and water management issues [1]. However, the growth and diversification of social issues related to water scarcity [2] and floods further complexifies the study of hydrological phenomena. Traditional quantitative approaches to hydrology, although essential, remain limited to apprehended diversification of human problems linked to droughts or floods, as well as the complex human-centered dynamics related to water use and management which are better captured through social sciences. These issues now represent an avenue for enlarging research in hydrological science.



To elucidate water management problems and propose adequate solutions, hydrologists must rely on concepts and methods from several disciplines to fully understand both the multidimensional hydrological phenomenon or state they are studying and the affected social systems. Mathematical, probabilistic, statistical, and laboratory methods are used to understand the physical and chemical aspects of water-related issues (flooding, low water, water quality, and erosion) and qualitative methods from anthropology, sociology, law, economics, politics, and history are used to explain the interactions between those issues and society [3]. This involves combining several methodological approaches from different paradigms.



The use of mixed methods, which combine qualitative and quantitative approaches across four designs, can facilitate the structuring of these concepts and methods from several disciplines into a single coherent whole to better understand the system under study [4]. The possibility of structuring a plurality of methods and modes of reasoning into a coherent whole prompts the question: how can the mixed methods approach contribute to contemporary hydrological research?



The main purpose of this paper is to identify and present an overview of some of the contributions of mixed methods in hydrology studies. We first present the mixed methods approach as a concept. Second, using a literature review to support our descriptions, we highlight how, over the years, mixed methods have helped support hydrological research across three paradigms and within the four aforementioned research designs. We thus show how mixed methods are used and what benefits they provide to understanding complex hydrological phenomena according to specific paradigms, designs, and research objectives. We also highlight the limitations of each of these research contexts. Finally, the need to further include mixed methods in research focusing on hydrological extremes and water management is discussed.




2. Mixed Methods: A Pragmatic Approach


2.1. Definition and Underlying Paradigms


Mixed methods were formalized between the 1980s and the 2000s and were quickly taken up by researchers in fields such as psychology [5,6], education [7,8], health [9], environmental management [10,11], and sociology [12].



The mixed methods approach combines three paradigms. The positivist paradigm is a scientific conception according to which a phenomenon can only be known through empirical data on natural processes. This paradigm relies on quantitative measurements and methods to describe the hydrological phenomenon and predict it [13]. For instance, mathematical modeling of hydrological flow is based on the positivist paradigm through which the natural world can be explained. In contrast, actors’ decisions regarding water use and management are best comprehended through post-positivism, defined as a paradigm that considers knowledge of a given phenomenon to be linked to the exploration of empirical data as much as to the consideration of human perceptions’ influence in explaining and understanding the phenomenon.



Within post-positivism lies the constructivist paradigm, which considers the object of investigation to be socially constructed. It is, to a certain extent, the opposite of the positivist paradigm. The constructivist paradigm considers subjective, lived experience of individuals to contribute to the construction of reality. This paradigm seeks to produce knowledge based on the confrontation of subjective knowledge (ideas, perceptions, human representations) brought together by the social experience of two or more individuals interacting together [14]. Thus, research approaches used within this paradigm consist mainly of qualitative methods [13,15].



Drawing from these paradigms, the mixed methods approach is defined as “a type of research in which researchers combine elements of qualitative and quantitative methods (for example, data collection, analysis, inference techniques) to meet the breadth and depth of understanding and substantiation needs of the study” [16] (p. 123). The combination of quantitative and qualitative approaches can lead to a better understanding of complex phenomena [17]; raise unexplored research questions [18]; help draw more solid inferences when the two types of data lead to similar results; expose contradictions or paradoxes not otherwise observable [19]; and, foster creativity and innovation in research design [20].




2.2. Research Designs


Mixed methods can be deployed through various designs to structure the research process. Creswell et al. [21] propose four classifications of mixed methods designs: triangulation, complementarity, explanatory, and exploratory. “Triangulation is defined as a procedure that seeks to test the validity of results and insights by comparing quantitative and qualitative data. The aim of triangulation is to seek convergence or corroboration of data relating to a same phenomenon to strengthen their validity. It also allows to underline contradictory quantitative and qualitative results to highlight paradoxes and give rise to new interpretations and knowledge” [4] (p. 4). In hydrology, triangulation is used to corroborate quantitative results obtained with statistical and mathematical approaches (e.g., analysis and modeling of extreme flows) with qualitative results derived from primary sources (e.g., interviews on the perception of hydrological extremes) or secondary sources (e.g., consultation of epigraphic documents, documentary sources).



Complementarity proposes to integrate quantitative and qualitative approaches to study the same phenomenon [20]. Complementarity allows quantitative research to benefit from additional qualitative information to complement knowledge of a given phenomenon and improve understanding, and vice versa. This design is used in hydrology to provide comprehensive analyses of hydrological extremes by complementing quantitative results (mathematical or statistical modeling of the hydrological system exposed to extremes) with qualitative data (impression of risk, consideration of the plurality of values and objectives related to water resources as expressed by the local population).



“Explanatory design proposes the use of a qualitative approach to deepen and explain in more details an initial quantitative inquiry” [4] (p. 4). This design is less used in hydrology.



“The exploratory design begins with a qualitative inquiry to discover themes concerning a given issue or situation. Those themes support the development of a methodology capable of generating data from the qualitative information provided by these themes. The generated data is then processed and analysed quantitatively” [4] (p. 4). Exploratory design is used in hydrology to provide quantitative data on a qualitative water issue; for example, the multiple representations that people have of water (qualitative themes) are transformed into statistical data (percentage, numerical data).




2.3. Temporality and Weighting


Beyond the classification presented above, mixed methods can be classified into two dimensions: temporality and weighting. Temporality distinguishes sequential and simultaneous processes; researchers explain or develop data from one approach (qualitative or quantitative) using the other approach. In a sequential process, process, researchers supplement the explanation of the results obtained using one approach (qualitative or quantitative) with another method. In a simultaneous process data from both methods are processed and linked together to provide a complete analysis of the phenomenon (e.g., triangulation design). Both forms of data are collected and interpreted at the same time. Weighting corresponds to the relative weight given to each method in the analysis. The weighting is equivalent if both methods are considered in the analysis with the same importance. The weighting is dominant if the researchers favour one method more than the other in the collection or analysis phase [4].



Morse [22] proposes a system to notate mixed method designs. The use of quantitative and qualitative methods is notated QUAN and QUAL, respectively. These abbreviations are written in capitals letters to indicate the dominance of one method over the other. When the methods are used simultaneously, they are separated by a + sign. For example, QUAN + qual corresponds to a design where the methods are used simultaneously, and the quantitative method is dominant. When the design is sequential, the arrow symbol (=>) indicates the direction of temporality, in other words, which method was used first (e.g., qual => QUAN indicates that a qualitative method precedes a dominant quantitative method) [4] (Table 1).





3. Mixed Methods in Hydrological Studies


Our literature review allowed us to identify hydrological studies that use mixed methods, albeit without naming them as such. We divide case studies based on whether they are anchored within a positivist, a post-positivist, or a constructivist paradigm. We show the usefulness of mixed methods in the search for solutions and in the understanding of complex hydrological phenomena, we explain why they are necessary for the advancement of several sub-disciplines, and we describe the designs most often used in hydrological research for each paradigm.



3.1. The Positivist Paradigm in Hydrology of Extremes: Towards an Openness to the Use of Mixed Methods


Researchers in positivist hydrology are beginning to explore mixed methods research designs, mainly triangulation and complementarity designs. Generally, the complementarity design is preferred for historical flood studies. As for the triangulation design, it is often used in low-flow studies. Below, we present case studies for both designs and in both of the aforementioned fields.



3.1.1. Historical Flood Studies Based on Complementarity Design


Brázdil et al. [23,24] and Barriendos et al. [25] provide a comprehensive description of how they combined or merged methods to integrate qualitative data in flood research. Extreme flood forecasting is hampered by insufficient long-term data, especially for past historical events. Systematic instrumental data are available but not for periods of time long enough to provide forecasts that are considered robust and relevant, particularly when it comes to calculating return periods for extreme events [23,26]. To solve this problem, mixed methods can be used. Brádzil et al. [23,24,27] have done so by consulting narrative written sources, church registers, personal correspondence, special newspaper editions, and official economic records to reconstruct a series of significant flood events since 1500 in Europe. These sources present a qualitative description of events with varying degrees of detail and retrospective emotional loading related to property damage and loss of human life [23]. The quality and accuracy of the qualitative information recorded depends on the author’s intellectual proficiency (e.g., basic education, talent for observation, motivation and aptitude to keep records), as well as their relationship to the event described, especially if the author of such information was an eyewitness [23]. Adequate selection of sources is necessary to ensure data reliability; for instance, documentary sources from administrative and ecclesiastical sources are recommended because of their quality and reliability [25], including the details they contain such as the date and time of events, their durations, their extent, and their impacts.



This qualitative information was verified by testing its concordance and coherence with epigraphic marks engraved in stone, houses, bridges, and gates. Epigraphic sources allow determination of the water level of the peak discharge rate, which can be represented in flood hydrographs.



Once the qualitative data are collected, they are usually coded or categorized; for instance, Elleder [28] reconstructed the flood histogram curve of the Vltava River based on reliable qualitative documentary sources. He interpreted the documentary information and granted them sequential codes from 0 to 23, with each code constituting a stage in the evolution of the flood: from the rise of the flood to its recession. Each sequential code corresponds to a water level, validated in the field by observations of epigraphic marks and by superposition with water level measurements made by Pötzsch [29] on the Elbe, downstream at Dresden [28]. Water levels obtained were then interpreted to reconstruct the flow pattern of the event on a flood hydrograph (Figure 1).



Barriendos and Coeur [31] proposed another type of categorization and coding of floods described in historical sources. They based their coding on the impact and severity of the floods and on hydrological criteria. Channel overflow served as a reference for the classification of floods (ordinary floods: Level 0, extraordinary floods: Level 1, and catastrophic floods: Level 2). These classifications and codifications make it possible to extrapolate and estimate water levels of historical floods based on similar, more recent floods for which water level data are available [32,33].



Determining water levels based on historical sources is sometimes accompanied by hydraulic modeling to estimate flood flow values for these historical floods, as carried out notably by Lang et al. [34] and Barriendos et al. [35]. In such cases, non-systematic data are first subjected to a sensitivity analysis to ensure their reliability (see [36]). Once water levels are transformed into flow values, flow data from documentary and epigraphic (or non-systematic) sources can be combined with systematic data, obtained from instrumental and automatic measurements. This process is not always straightforward since the non-systematic data do not show continuity, and only the estimated extreme event discharge values are available. One solution to this issue is to model the non-systematic and systematic data as peaks over threshold (POT), or, in other words, to obtain a series presenting all events above a chosen threshold [37,38]. A generalized Pareto distribution (GPD) or generalized extreme value distribution (GEV) can then be applied to the data set, providing the return periods of these extreme events.



The case studies presented above show how mixed methods can support researchers in the analysis of qualitative information from documentary sources, even though those often lie outside their usual field of practice. The use of complementarity design thus allows the production of new quantitative data on historical flooding events, notably to extend the temporal coverage of those events’ time series, which is not otherwise possible. The complementarity is used in these case studies, with a sequential temporality and a predominantly quantitative weighting. The scoring system used here is qual => QUAN, which means that qualitative data complements quantitative data.



As a result, the accuracy in forecasting such events is improved, as is the understanding of their evolution (reduction in the uncertainty of the frequency of large floods) [36]. Moreover, some studies in Europe showed how the addition of historical flood events to time series highlighted certain similarities in the recurrence of events when comparing historical and more recent flood events, supporting the improvement in flood warning systems [33].



The positivist approach presented here, which uses the complementarity design, does not necessarily exploit all the relevant qualitative information available in the documentary sources under scrutiny. While those sources are used to seek more data on historical flood events, valuable information such as accounts of the severity of the event, the damage caused, or the distress and apprehension of populations in the face of such extremes constitute important feedback for contemporary flood management.




3.1.2. Low-Flow Studies Based on Triangulation Design


As with historical flood studies, research on low flows and water scarcity suffers from the paucity of data and documentation available. The discontinuity and irregularity of low-flow phenomena explain the less significant scientific investment in them [39]. However, renewed interest is emerging with the European Water Framework Directive (DCE) which, since 2000, has strongly supported the preservation of aquatic environments in semi-arid and arid zones [40]. Hydro-ecological studies are being realized to determine the ecological reserve flows for these aquatic environments and to gain a broader knowledge and understanding of the hydrological regimes that condition the existence of mesohabitats [41].



Gallart et al. [42,43] studied how hydrological regimes condition the aquatic states of rivers with intermittent flows in Spain and France. The objective was to measure the hydro-ecological quality of these rivers for six pre-defined aquatic states. Gallart et al. [43] used flow measurements during periods of flow transit recorded at gauging stations and simulated streamflow during periods for which data recording was not possible (pristine conditions) to define the six aquatic states (Hyperheic, Eurheic, Oligorheic, Arheic, Hyporheic, and Edaphic) [43]. The first three states (Hyperheic, Eurheic, Oligorheic) correspond to periods when flow is measurable and flow data are available. The last three states (Arheic, Hyporheic, and Edaphic) correspond to periods when there is no flow or flow data are impossible to measure, but aquatic habitats are still maintained by temporary pools [43].



To confirm the characterization of the hydrological regime of intermittent rivers with these aquatic states, two metrics (Mf, Sd6) were calculated. The metric Mf measured “the permanence of flow (long-term mean annual relative number of months with flow, taking values between 0 and 1)” [43] (p. 3172), while the metric Sd6 measured the seasonal predictability of non-flow periods over six months. Both metrics were calculated first based on the flow data and the rainfall–flow simulation data. These metrics were then calculated based on interview data from respondents living near the watercourse. In the interviews, questions revolved around the general characteristics of the hydrological regime of rivers and the frequency of aquatic states and mesohabitats. Data were coded according to the importance of flow from 0 (very low) to 3 (very frequent). The coded responses facilitated the identification of the different aquatic states and allowed the evaluation of the two metrics Mf and Sd6 with information of a qualitative nature.



Quantitative and qualitative metrics were contrasted to evaluate the validity of the results and to test the consistency or dissonance between the two types of results. Results on the discretization of the different states provided by the flow permanence metric Mf, calculated from both the flow data and the interview data, provided similar interpretations. Based on the comparison between Sd6 (quantitative) and Sd6′ (qualitative), Gallart et al. [43] noted discrepancies, with qualitative data showing in some cases an overestimation, and in other cases an underestimation, of Sd6′. These divergent results prompted the researchers to investigate the reason for such discrepancies and to inquire using innovative research questions to deepen their knowledge of the perception of dry months among stakeholders.



The triangulation design allowed the validity of hydrological regimes and aquatic states defined by the quantitative data to be confirmed or refuted, especially the three states defined in dry conditions (without flows), which would have been impossible to validate without the qualitative information. Indeed, during periods with unrecorded flow measurements, temporary pools could be observed by people living close to the streams, hence the relevance of qualitative data. Triangulation is used with a simultaneous temporality and a predominantly quantitative weighting. The notation used is QUAN + qual, which means that the quantitative and qualitative results are compared simultaneously to corroborate the reliability of the results (Figure 2).
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Figure 2. Graphical abstract proposed by Gallart et al. [43] to corroborate the results of the different approaches used in the study. This figure was taken from Gallart et al. [43]. 
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In addition to validating the aquatic states, the mixed methods approach provided substantial additional information on the regimes and mesohabitats existing in these intermittent rivers compared to what a purely quantitative methodology could have contributed. Table 2 summarizes the objectives for which authors in positivist hydrology have used mixed methods.



Despite the advantages explored above, the positivist paradigm of low floods studies, as is the case with historical floods studies, does not fully integrate the benefits brought about by mixed methods. These studies use research designs that permit filling the data gaps at extremes to better understand their frequency of occurrence, but do not enable a comprehensive understanding of the phenomena. In the post-positivist paradigm, researchers respond to the latter objective by using triangulation design, complementarity design, or both combined.





3.2. The Post-Positivist Paradigm in Hydrology: Mixed Methods—An Indispensable Methodology


More recent studies on hydrological extremes aim to obtain comprehensive viewpoints of extreme hydrological phenomenon. In this context, they fit perfectly into the post-positivist paradigm where the use of triangulation and complementarity models is prevalent. This is notably the case in participatory hydrology (citizen science) and socio-hydrology studies.



3.2.1. Participatory Hydrology


Research on the management of extreme hydrological risk has been increasingly involving local populations in the production of knowledge of extremes and their effective management [40]. This emphasis on public participation aims to produce comprehensive research on these complex phenomena, where all factors that contribute to the occurrence of, and risks associated with, these phenomena are identified, understood, and analyzed. This improves the chances of proposing adequate risk management strategies, hence the relevance of integrating quantitative information (mostly statistics and mathematical models) with qualitative information that explores people’s perceptions and the psychology of political decision making [40].



In their analysis of low-water periods, Canovas et al. [44] identified three dimensions related to low-water periods: water supply, water demand, and the perception of low-water periods by populations and decision makers. Low-water periods represent the range of flows below the interannual module, integrating the low-water level and the drying up of watercourses [44]. Canovas et al. [44] proposed a graphical model based on their three dimensions to monitor undesirable severe states (e.g., water crisis or water shortage) in the Cevennes region, south of France, and improve forecasting capabilities. The model was based on the analysis of water supply and water demand (i.e., physical variables such as precipitation, flow, piezometric levels, evapotranspiration, withdrawals, reserve flows, and low-water perception variables), translated into indicators and statistically modeled with the Gaussian normal law. This allowed the authors to define critical thresholds for identifying severe situations.



To evaluate the perception of risk, Canovas et al. [44] analyzed water-use restrictions formulated in prefectorial decrees as a form of policy response to critical situations. They also collected qualitative data on the hydrological regime of rivers, based on questionnaires carried out with the population as part of the HydroPop program, a popular participatory hydrology platform in the Cevennes region [45].



The collected qualitative data were often binary (absence–presence, dry–wet) and coded according to the perceived level of severity. For each level of severity, ranging from 0 (low) to 3 (high), a coefficient was assigned. The coefficients provided numerical data, which were used to define the critical thresholds of the perception dimension of severe low-water situations. With this coding procedure, the authors were able to propose a global model of critical low-water states that integrates the perception dimension.



The triangulation design used in this case study is QUAN + qual, which means that both approaches are used simultaneously, but with a clear preference for the quantitative approach in the analysis of critical states.



This mixed modeling approach allowed quick identification of the weight of each dimension in the occurrence of the hydrological phenomenon and in explaining the system evolution towards critical situations. For example, Canovas et al. [44] compared quantitative and qualitative modeling (through the frequency approach and perceived level of severity) to illustrate cognitive dissonance or consonance between the system states determined by statistical measurements and by questionnaire data. The perception of a normal state, when it is in fact critical or catastrophic, would expose the territory to obvious conflicts, and the opposite situation might encourage stakeholders to overuse water resources [44]. This shows how human perception can influence strategies for the management of hydrological extremes (for example, see [46,47]). The study of Canovas et al. [44] also shows how contemporary research of hydrological extremes evolved to become more pragmatic and to seek management solutions adapted to the observed problems in what is also known as action research, a trend that has also emerged in socio-hydrology.




3.2.2. Socio-Hydrological Modeling


Socio-hydrology is a sub-discipline of hydrology that aims to model bidirectional feedbacks between human and hydrological systems [48]. The objective of such models is to provide decision makers with a management tool that identifies the components to be addressed and that explains why and how the system is vulnerable to extremes. Socio-hydrological modeling of floods has been explored by many authors (e.g., Di Baldassare et al. [48] and Yu et al. [49]) and the same is true for socio-hydrological modeling of droughts (e.g., Van Emmerik et al. [50] and Mazzoleni et al. [51]). The fundamental processes and interactions that determine the behavior of these hydrological systems have been mathematically formalized using a set of differential equations [48]. These positivist models have identified an important factor that is not well considered in modeling, and which partly explains the vulnerability of hydrological systems to extremes, namely, the perception of risk (norms, values, representations, and human objectives). This limitation in socio-hydrological studies is due to the limited methodological skills of the above researchers to adequately analyze risk perception.



Rangecroft et al. [52] proposed a socio-hydrological study with a strong participatory dimension, to fill this gap identified by Evers [53]. To reach a holistic understanding of the system, modeling exercises benefit from being complemented by qualitative analysis of the perceptions of extremes.



Rangecroft et al. [52] used mixed methods in two stages: a first stage with a triangulation design of QUAN + QUAL (simultaneous temporality and equivalent weighting) and a second stage with the complementarity design of QUAN + qual (simultaneous temporality and quantitative dominance). They conducted a socio-hydrological analysis of future droughts and their recurrence in the Limpopo basin of South Africa. Their objective was to predict future severe droughts in the catchment through scenarios to test the capacity of policies and people to manage or adapt to those events.



For the first stage, they developed a hydrological model (SHETRAN hydrological model) of the Nwanedi River system using physical variables to estimate the years subjected to historical drought. In parallel, they analyzed the perception of risk by conducting narrative interviews with small groups of 3 to 5 people. They discussed the level of awareness of populations to past droughts. This provided Rangecroft et al. [52] with a range of information on the experiences, impacts, and coping strategies that were developed by people. The authors constructed narratives surrounding the droughts that helped to strengthen the validity of modeling results of past droughts.



Table 3 shows the quality of the results obtained with this mixed approach between modeling and drought narratives.



The year 1983 was identified by various sources as the most severe year, providing a clear picture of the severity of this event. Incongruent results can be observed for the year 1985, identified as a dry year by participants but not through modeling. This could be due to participants who might have perceived the persistent effects of the 1983 drought, which carried on into 1985, as a new drought event. This seemingly small difference could, however, influence management policies and strategies, thus illustrating how mixed methods analysis can help to better understand the complexity of hydrological extremes and of their long-term effects.



In the second stage of the study, Rangecroft et al. [52] used the complementarity model to measure people’s preparedness and adaptation to potential future droughts. To do so, they developed scenarios of future droughts based on the modification of quantitative information, such as temperature increase due to climate change or increase in land or water use, and qualitative information in the form of narratives on past droughts to complement and generate locally relevant and adapted scenarios. In this respect, other scenario building tools are presented by Mallampalli et al. [54] and Allain et al. [55].



The drought scenarios produced by the SHETRAN model were presented to the population during the second-stage workshops. The objective of these scenarios was to stimulate and increase awareness of the risks of future severe droughts among the populations, to increase their adaptative capacity by referring to the strategies developed in the past as well as to the lived experiences, and to increase their level of preparedness to this extreme. This objective has been achieved since the populations have set up a set of strategies and policies for management and adaptation to droughts (action research). This type of pragmatic study allows not only an understanding of the phenomenon but also the identification of mitigation and management solutions. This makes the system and the exposed populations more resilient. Table 4 summarizes the objectives for which authors in post-positivist hydrology have used mixed methods.



Mixed methods approaches have made it possible to grasp the complexity of extreme phenomena and to involve the populations concerned in the production of knowledge and the management of extremes. This result would not have been the same with a purely quantitative approach. This possibility of analyzing people’s perceptions and involving them in the management of crisis situations should be explored by researchers who want to understand conflicts related to water use, where exploratory design is used.





3.3. The Constructivist Paradigm in Hydrology: Addressing Water-Use Conflicts with an Exploratory Design


Research on hydrological extremes aims to understand the extremes, to propose adequate management solutions, and to improve adaptation to these extremes. This last objective of adaptation is difficult to achieve because of the conflicting situations related to the different uses of water, which annihilate the consensus on adaptation solutions. To understand and provide solutions to this conflict situation, hydrology researchers will have to adopt a constructivist paradigm and favor the use of mixed methods with an exploratory design.



In exploratory design, qualitative information on a conflicting situation is used to discover themes associated with the issue at hand. Then, these themes help produce quantitative data to rationalize the issue and propose appropriate solutions.



Studies of the management of conflicts related to water use and resource conservation studies are entirely social enterprises [56]. They are interested in exploring the different social perspectives (themes) that encompass the behaviours, attitudes, and practices of users that explain the emergence of conflicts. Such data can help to develop knowledge about the issue, to understand and better communicate it, and to find adequate solutions to it. For example, Levesque et al. [57], in an analysis of conflict management surrounding the conservation of the Lac Saint-Pierre floodplain in Canada, proposed a mixed approach (Q-method). This study constitutes a reference for future studies on the management of water-use conflicts. To do so, the authors conducted interviews with a vast array of stakeholders: elected officials, farmers, researchers, government employees, members of the Waban-Aki First Nation, members of conservation organizations, hunters, and fishermen [57]. The 58 respondents selected were asked to respond to 39 statements encompassed in 3 themes to capture and categorize the respondents’ perceptions on the uses that should be favored in Lac Saint-Pierre’s floodplain.



They used the exploratory design with the notation QUAL => quan, which is sequential with a dominance of qualitative approaches.



Levesque et al. [57] invited respondents to rank statements in order of importance according to their approval levels on a grid with scores that fit a normal distribution. The forced normal distribution facilitated the ranking process and encouraged respondents to think about where to place each of the statements in the response grid.



Levesque et al. [57] then asked the respondents to justify their choice, thus enriching the understanding of the different perceptions of the floodplain stakeholders. These coded and categorized data were integrated into statistical analysis software and interpreted through a principal component analysis and a centroid factor analysis. Another example of using this mixed approach with the Q-method is given by Lundberg et al. [58], who analyzed stream restoration in the Driftless area, USA.



This enabled identification of the drivers of conflict among respondents’ perspectives, as well as the points of convergence and divergence between the different perspectives, leading to the differentiation of two overarching perspectives. The first one is the conservation perspective from respondents who favor nature preservation, and the other one is the agricultural perspective from respondents who favor agricultural production. The quantitative data obtained also allowed the authors to determine which social perspective on Lac Saint-Pierre is favored by respondents, namely, the conservation perspective adopted by 27% of respondents. Thus, the exploratory design, as used by the authors, was able to support discussions and negotiations, to help find compromises and improve stakeholders’ adherence to a proposed solution. As such, it helped to consider differences in viewpoints to build consensus.





4. Discussion


4.1. The Benefits of Mixed Methods for Hydrology Research


As we have seen, the relevance of mixed methods for hydrological research has been increasingly recognized over the last decades. These methods have proven useful in a vast array of contexts for studies framed within diverse paradigms and research designs. Each research context described in this article is indeed uniquely framed to tackle a specific objective, yet all were able to benefit from a mixed methods approach (Figure 3). While we do not prescribe any “optimal” frame through which to tackle any specific objective in hydrological research, we argue, based on our observations and literature review, that most studies can frame their objective with an appropriate design that allows for the use of mixed methods and for their benefits to manifest.



The importance of mixed methods can be further understood when analyzing case studies. In positivist hydrology, notably in historical flood and low-flow studies, one of the major problems is the unavailability of a sufficient number of measurements or data to monitor the recurrence of extreme events. However, qualitative information is available through documentary sources and interviews carried out with stakeholders. Mixed methods can help transform these qualitative data into quantitative data to extend and densify time series data of extreme events, or to propose increasingly robust forecasts.



Nevertheless, extending time series to support more robust forecasts cannot provide a comprehensive understanding of the complexity of hydrological extremes. It is also unsuitable to inform adequate management or mitigation solutions. Such an endeavor is, however, achievable through the post-positivist paradigm in hydrology. As described above, this latter takes a pragmatic approach to explaining hydrological extremes, as well as their complexity and impact to guide management strategies. In socio-hydrology and participatory hydrology, finding management solutions for hydrological extremes requires considering all components that influence the extreme or are part of its complex dynamics, which are responsible for uncertain forecasts [59]. Hence, mixed methods are here again capable of providing analysis of all system components by integrating the physical and social aspects of extremes as well as their interactions (co-evolution between humans and water). The necessity to take the experience of populations exposed to extremes into account when attempting to understand complexity and improve the system management strategies is highlighted by these studies [60]. This action-research approach can hardly be realized without mixed methods.



Therefore, new studies in participatory hydrology and socio-hydrology will need to use mixed methods by offering two approaches (modeling and participatory) to reduce epistemic and ontological uncertainties about hydrological systems. Epistemic uncertainties are uncertainties due to the imperfection of our knowledge, and ontological uncertainties are uncertainties due to the inherent variability observed in complex systems, especially human and natural ones [60]. This can be done in the context of large-scale research projects involving hydrological and social scientists, such as the HydroPop Program studied by Canovas et al. [44], or the CreativeDrought project studied by Rangecroft et al. [52].



The use of mixed methods will be even more desirable in studies founded on constructivist hydrology and focusing on the management of conflicts related to water use. This is because these studies primarily analyze perceptions by providing measurable information to guide decision making, which is a pragmatic approach to solving hydrological problems. The future of studies on hydrological extremes is therefore linked to the use of mixed methods and their development when human societies and management strategies are involved.



This summary figure presents all the advantages that mixed methods bring to research on hydrological extremes, from their use for data densification purposes (positivist paradigm) to the prediction of future conflicts due to these extremes.



The advantages of using mixed methods are accompanied by practices to be avoided, as shown in Figure 3 above. In the positivist paradigm, researchers should avoid exploring qualitative information with the aim of extracting only quantitative data to fill in the event series. With this practice, researchers lose a body of quality information that is rich in evidence and insights into the impacts of extremes in human psychology.



In the post-positivist paradigm, the pressure felt by researchers to propose a model of extremes leads them to distort qualitative information to meet this requirement. This can have the opposite effect, i.e., to make the understanding of the extreme more complex. Qualitative information must therefore be analyzed with an adapted approach. For the constructivist paradigm, on the other hand, the uncontrolled transformation of perceptions into quantitative data can also distort the qualitative information and lead to misinterpretations of the collected qualitative information.



In addition to these practices that should be avoided, the use of mixed methods may have limitations.




4.2. Limitations


Despite the numerous contributions of mixed methods to the study of hydrological extremes, this approach has limitations. The main one is that these methods are time-consuming and resource-intensive [59]. The use of mixed methods requires researchers to devote considerable time to the implementation of the chosen methods to produce a complete, reliable, and rigorous study [61,62]. A second limitation is that mixed methods require researchers to have a wide range of skills for applying both qualitative and quantitative methods, as well as analyzing and interpreting both types of data [63]. The analysis may be biased if one of the approaches is poorly mastered. A solution to these two limitations is to integrate mixed methods studies into larger projects that bring together quantitative and qualitative researchers (e.g., HydroPop and CreativeDrought programs).



Finally, mixed methods studies can suffer from publication constraints in some journals where the rules for article presentation are restrictive and are generally related to the limited number of pages to describe the entire mixed methods research [17].





5. Conclusions and Perspectives


Interdisciplinary methods and tools are required to address the many and varied water-related challenges in the Anthropocene [64]. Mixed methods are a relevant representation of these interdisciplinary methods, as we have seen in the case studies presented above. Thanks to the different designs proposed, mixed methods can access relevant data that are harder to grasp through classical quantitative approaches in hydrology. The acquisition and analysis of these data allows the improvement in the forecasting capabilities of models regarding hydrological extremes such as floods and low-flow river regimes.



In addition to offering a practical solution to help study extremes in a more comprehensive manner, mixed methods address the epistemological concerns of the discipline of the hydrology of extremes. Indeed, the idea that humans participate in, explain, and manage hydrological extremes is fully accepted today. However, finding a methodology to integrate quantitative and qualitative aspects in a single study has always been difficult. This difficulty can be overcome, as we have pointed out in the case studies framed by post-positivist hydrology, by using mixed methods.



In perspective, it is also interesting to see that in recent studies using Big Data, mixed methods are also a preferred methodological option.



Pioneering studies on hydrological extremes have already used Big Data approaches to propose management plans [61,65,66]. They relied on the social network Twitter, which transmits flood information based on posts. These blocks of information are then indexed and coded with the exploratory design to produce statistics that are used in the analysis of reducing people’s vulnerability to natural hazards (floods, typhoons, drought, etc.) and in the development of point solutions [65,66].



With the development of computational tools such as machine learning, combined with mixed methods, researchers will be able to explore complex hydrological issues in a holistic way by capturing all relevant information to understand these phenomena and provide management proposals. In addition, sentiment analysis, which is a technique used in natural language processing [67,68], combined with mixed methods, will be one of the research avenues to be pursued by future researchers in the hydrology of extremes.
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Figure 1. “The 1784 flood hydrograph as reconstructed by the author using documentary sources and flood marks in comparison with two other variants, namely, P-vers Pötzsch [29] and Pe-vers Pan [30]. Cross-sections CS1 and CS2 correspond to the terrain profiles presented in Figure 2. T-avg is the mean daily temperature recorded at Prague Klementinum Observatory” [28] (p.122). This figure was taken from Elleder [28]. 
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Figure 3. Summary of the benefits of using mixed methods in different research paradigms in hydrological extremes sciences. 
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Table 1. Main types of mixed methods used in hydrology, according to Aldebert and Rouzies [4].
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	Motivation
	Temporality
	Weighting
	Morse’s Notation System [22]





	Triangulation
	Simultaneous
	Generally equivalent
	QUAN + QUAL



	Complementarity
	Simultaneous or sequential
	Not equivalent
	QUAN + qual or

QUAN => qual



	Explanatory
	Sequential: quantitative phase then qualitative phase
	Usually, quantitative dominance
	QUAN => qual



	Exploratory
	Sequential: qualitative phase then quantitative phase
	Usually, qualitative dominance
	QUAL => quan
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Table 2. Summary of the results of the content analysis in positivist hydrology.
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	Research

Areas
	Period of Publication
	Paradigms
	Main Authors
	Motivation
	Designs
	Temporality and Weighting
	Results





	Historical Floods
	1999 to 2018
	Positivism
	Bradzil et al. [23,24,27]

Barriendos et al. [25]

Elleder [28]
	Increase data on flooding events.
	Complementarity
	Sequential

qual => QUAN
	Complete or extend time series on extreme flood events.

Reduce uncertainties in the frequency of extreme flood events.



	Low Flow
	2000 to 2016
	Positivism
	Gallart et al. [42,43]
	Strengthen the validity of the results on hydrological states that are difficult to study due to gap of data.
	Triangulation
	Simultaneous

QUAN + qual
	To know the hydrological regimes of intermittent rivers.

Generate knowledge on understudies’ extreme hydrological states.
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Table 3. “The main drought events identified for the time period 1979–2013 by the hydrological model in the baseline run (top three rows) and the main drought events mentioned by community members in the first field season group narrative interviews” [52] (p. 246).
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Major Drought Events Identified






	
Modeled baseline data

	
Meteorological drought

Hydrological drought

Soil moisture drought

	
1980

	

	
1992

	
1994

	

	

	
2012




	
1981–1983

	

	
1991–1992

	
1994–1995

	

	
2002–2003

	




	
1981–1983

	

	
1991–1992

	
1994–1995

	

	
2002

	




	
Narrative group interview data

	
Elderly men

	
1983

	

	

	

	

	

	




	
Elderly women

	
1983

	

	

	

	

	

	




	
Livestock farmers

	

	
1985

	

	

	

	

	




	
Smallholder farmers

	
1983

	

	

	

	

	

	




	
Married mothers

	

	

	
1992

	

	

	

	




	
Ex-miners

	
1983

	
1985

	

	

	
1999

	

	




	
Civic group

	

	

	
1992

	

	

	

	




	
Orchard farmers

	

	

	

	
1994–1995

	

	

	




	
Civic group

	

	

	

	
1994–1995

	

	

	




	
Young people

	

	

	
1992

	
1994–1995

	
1999
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Table 4. Summary of the results of the content analysis in post-positivist hydrology.
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	Research Areas
	Period of Publication
	Paradigms
	Main Authors
	Motivation
	Designs
	Temporality and Weighting
	Results





	Participatory Hydrology
	2008 to present
	Post-Positivism
	Canovas et al. [44]
	Analyze extremes comprehensively (facts and values).

Understanding the complexity of extreme phenomena (all factors of extreme are known and analyzed).
	Triangulation
	Simultaneous

QUAN + qual
	Deepen the knowledge of the extreme phenomenon.

Untangle the uncertainties.

Improve management and forecasting of extreme events.



	Socio-Hydrology
	2014 to present
	Post-Positivism
	Rangecroft et al. [52]
	Understanding the complexity (conduct comprehensive and interdisciplinary analyses)
	Triangulation

Complementarity
	Simultaneous

QUAN + QUAL

QUAN + qual
	Deepen the knowledge of the extreme phenomenon.

Untangle the uncertainties.

Improve management and forecasting of extreme events.
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