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Abstract

:

This opinion paper discusses some of the challenges and opportunities that earth scientists face today in connection with environmental problems. It focuses on aspects that are related to the role of geocomputational approaches and new technologies for geoenvironmental analysis in the context of sustainable development. The paper also points out a “data imbalance” effect, a key issue in the analysis of environmental evolution and of geosphere-anthroposphere interactions in the long-term. In connection with this, it stresses the importance of geoenvironmental information which can be derived from environmental humanities and related disciplines, such as history and archeology. In this context, the complexities and potentialities of a dialogue between earth sciences and the humanities are outlined.
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1. Introduction


Sustainable human development, from the perspective of the maintenance of the Earth system in a resilient state (e.g., [1,2]), presents relevant challenges, involving science, technology and socio-economical aspects. Global and local sustainability require the analysis and understanding of multiple interacting environmental processes, acting across multiple spatiotemporal scales. Moreover, the analysis and management of human perturbations on the earth system require an interdisciplinary approach, capable of analyzing and modeling geosphere-anthroposphere interactions. Earth scientists play a key role in many aspects of the sustainability challenges, including the definition and implementation of human development related policies. From this perspective, the Sustainable Development Goals (SDGs), as defined by the United Nations [3], influencing the policies of many countries, e.g., the European “Green Deal”, are emblematic. Several of the SDGs are in fact related to the environment and, as such, more or less directly address the work of earth scientists and acknowledge the societal value of their research.



In this context, geocomputational approaches and new technologies play a pivotal role in earth sciences. On the one hand, the acquisition and the quantitative analysis of geoenvironmental data are fundamental for understanding the complex dynamics of the earth system and its interactions with the anthroposphere. On the other hand, the gathering of geoenvironmental data, their correct comprehension and modeling, as well as their use have taken on an unprecedented political meaning as they have become fundamental for responsible decision making. The validation of data and their interpretation have ostensibly reached out from the ivory towers of science to the public sphere as matters of shared concern in civil society. New technologies and computational methods are available to the earth scientist, but they need to be reassessed in order to be correctly—and critically—employed towards the achievement of global goals. Moreover, the epistemological question of how to integrate information, knowledge and approaches stemming from different disciplines is far from settled in a time in which the urgency to address the connection between earth-system processes and cultural phenomena is evidenced by the deep anthropic transformation of our planet. In the field of the history and philosophy of sciences, there is growing interest in studying the interactions between humankind and the environment (e.g., [4]), as well as between methodologies descending from the natural sciences and the humanities [5].



Our considerations are particularly pertinent to soil science and geoenvironmental research, especially when focused on topics such as land degradation/management, water resources protection/management and multiple geoengineering-related issues. First, these issues directly involve the Critical Zone (e.g., [6]), the surficial earth layer characterized by a high intensity of interactions between the geosphere (intended in a broad sense, including the hydrosphere), the biosphere and the anthroposphere. Second, new technologies (e.g., remote sensing) for the collection, analysis and modeling of geoenvironmental data have a strong impact on this context. Third, valuable information on the complex interactions between the humans and the environment can be extracted from humanities-related informative sources (e.g., [7]).



The themes covered in this essay are related to a wide range of topics, many of which are in continuous evolution owing to the fast developments that characterize technology and geocomputational approaches. Accordingly, the present discussion is inevitably partial and covers only those aspects that we consider worth highlighting in view of a conscious and critical use of geocomputational methodologies and available informative sources.



Section 2, “Geosphere-anthroposphere interlinked dynamics”, discusses the difficult conceptualization of the geosphere-anthroposphere dynamics from an interdisciplinary perspective that brings the earth sciences and humanities in dialogue. The role of technology and geocomputation for communicating environmental dynamics and human impacts is then introduced.



Section 3, “Technological innovation and geoenvironmental data”, focuses on the role of technology for geoenvironmental data retrieval and analysis, including the challenges related to the growing complexity and heterogeneity of informative sources.



Section 4, “Geocomputing and the earth scientists”, outlines the relevance of expert-knowledge in geocomputation for explorative and predictive analysis; then, it discusses the impact of technology on the development and diversification of geocomputational tools, posing opportunities and challenges for the earth scientists.



Section 5, “Data imbalance at the crossroads of geocomputing, new technologies and historical information”, discusses the “data imbalance” that frequently characterizes the analysis of geoenvironmental dynamics in the long-term. The need to consider humanities-related informative sources, both for compensating the data imbalance as well as for studying geosphere-anthroposphere interactions, is introduced. Finally, the necessity to improve the dialogue between earth sciences and humanities is outlined.




2. Geosphere-Anthroposphere Interlinked Dynamics


The relevance of local and global sustainability challenges will likely increase in the coming years due to multiple factors, among which is population global dynamics [8]. Not only will the global population likely continue to grow, with an estimated population of more than 9 billion by 2050 [8], but it is also marked by a relevant imbalance, both from the geographical as well as socio-economical viewpoints, among the regions of the globe. The polarization of population in and around big/mega cities (will this trend be changed by pandemics outbreaks?), with more than half of the world population living in cities [9,10], is another relevant factor. These basic demographic considerations suggest a future increase in interactions between the human and the geoenvironment. Such interactions have well-known multiple manifestations, both from the perspective of anthropic impacts and natural impacts: land-use changes, natural hazards, pollution, ecological alteration, climate change, natural resources depletion, geoengineering issues, etc.



The increasing relevance of geosphere-anthroposphere interlinked dynamics for society and science is also marked by various research pathways focused on this issue. It is worth mentioning research areas that have become particularly visible in recent times: the “Anthropocene” related debates and the study of the “Critical Zone”, that is, the superficial geological layer of maximum human-geological-biological interactions [6]. The Anthropocene issue [11] has come to cover a wide range of debates, ranging from those in the humanities to the artistic scene and environmental activism (as can be evidenced by approaches as different as [4,12,13,14]. The fact that the concept of Anthropocene stems from geology [15] and geological observations is representative of the intense anthropic signature on our planet. Then, the proposal to formally define a new geological epoch, involving strict stratigraphic requirements, currently based mainly on geochemical considerations, is still more emblematic of this concept. The formal definition of an Anthropocene epoch, in the stratigraphical sense, depends on the results of the ongoing work of the Anthropocene Working Group, which has been created as part of the Subcommission on Quaternary Stratigraphy of the International Commission of Stratigraphy, in 2009 [16]. However, even independently from the stratigraphical definition of the Antropocene, the concept is valid in its essence. Both research areas (Anthropocene and the critical zone) are explicitly focused on interactions between humans and the geoenvironment. For both, the collection and analysis of geoenvironmental data plays a pivotal role. Moreover, it is important to stress that in these research pathways, historical and archeological information is extremely relevant, especially for the analysis of the evolution of geoenvironmental system on long-time scales.



In this context, policies for sustainable development, as the SGDs and the European “Green Deal”, are a first step toward maintaining the “stability” of the Earth system, as proposed for example by [2]. However, the definition and implementation of sustainable development policies imply a detailed and objective knowledge of the geoenvironmental system and a continuous monitoring of its dynamics, including the interactions with the anthroposphere. Unfortunately, the level of geoenvironmental knowledge required for sustainable development is not easily achievable. First, due to the complexity and heterogeneity of geoenvironmental systems, a full parameterization of the system, including knowledge on governing processes/factors and boundary conditions, requires huge quantity of data, with high spatiotemporal sampling densities and coverage. Second, reasoning from the perspective of the implementation of sustainable policies, the potential reflexive dynamics (e.g., [17,18,19]) that characterize the human-geoenvironmental systems should be considered. This reflexive behavior often develops according to circular, self-reinforcing and path-dependent patterns, through perception-related human actions. This implies that both the social sciences and history should contribute to untangling the complex interactions between humans and the geoenvironment. Third, the analysis and understanding of the geosphere-anthroposphere dynamics often require the study of geoenvironmental processes for extended periods of time, often considering centuries or even millennia (e.g., for studying human forcing on the climate system). As discussed further in the paper, this represents a critical point due to the “data imbalance” effect: firstly, this is represented by the progressive deterioration in data, i.e., spatiotemporal density and accuracy, going back in time; secondly, this is also marked by a general inhomogeneity in data properties (e.g., [20]).



The need to consider, in addition to traditional geoenvironmental proxies (e.g., based on dendrochronology, sedimentology, paleontology, geochemistry, etc.), humanities-related informative sources open new challenges for the earth scientists, who need to consider specific characteristics of human sciences and its investigative approaches. With reference to the human sciences, it should be stressed that their theory and knowledge (in the realms of sociology, anthropology, economy and, more generally, cultural studies) transform the subject matter they target due to a reflexive loop effect. According to a semiotic “principle of indeterminacy” (which we could more simply call the “observer effect”), all inquiry into human reality affects and transforms its object of inquiry [21] (pp. 28–29). This awareness has even led to the identification of social reality with its ‘representation’ in some of the most influential trends of sociological investigation [22,23]. To neglect the observer’s positioning can lead to a sort of “ideological fallacy”, that is, to assume the objective neutrality of the humanities and social sciences, as if the agendas and motivations that inform their specific form of knowledge could be separated from their content (this is like positing a form of pure “knowledge for the sake of knowledge” on the basis of which the knower does not want to undertake anything and wishes to leave reality untouched) [21]. As a consequence of these methodological premises, culture has been seen as a structured symbolic system (or “semiosphere”) which results from a process of selective abstraction (which, in turn, is dependent on codification-and-interpretation codices) [24]. This semiotic abstraction should by no means be confused with reality itself, as inclusion and exclusion from the system is a processual matter [25,26]. Moreover, all abstraction—no matter how accurate, complex and systematic—emerges out of cognitive and historical processes and exerts societal functions towards specific goals ([27] (pp. 1–29)). If cultural studies and, more specifically, the human sciences, will be included in a program of geo-anthropological inquiry, the objective-subjective tension that characterizes them ought to be taken into account as a constituent of the resulting interdisciplinary paradigm (in Kuhn’s structuralist sense of paradigm, [28]) which cannot by any means be transcended or circumvented, not even by automated processes of data elaboration. In extreme synthesis, it is hard for the earth scientists to extract unbiased environmental information from human sciences related sources without the contribution of scientists/scholars in the humanities and social sciences; on the other side, it can be difficult for humanities-based scientists/scholars to analyze human-environmental interactions without contributions from earth and natural scientists.



New technologies and geocomputational approaches contribute strongly to the communicative approaches of earth scientists, permitting us to highlight human impacts on the geosphere at multiple scales, including the global one. For example, the remote sensing based “BlackMarble” map of NASA [29], reporting light pollution on the globe (Figure 1), furnishes a sharp and self-evident picture of how humankind is overrunning the planet Earth. Light pollution, apart from being an impact itself, is a proxy for urbanization and land use changes, with all the inherited, direct and indirect, geoenvironmental and ecological implications, including the systemic disruption of multiple ecosystem services. From this viewpoint, the various geographical informative layers and maps reported in the “Atlas of the Human Planet” [9,10] are even more convincing. The atlas has been built by means of advanced geocomputational approaches based on machine learning, permitting the integrated use of different sources of information, including remote sensing technologies. It offers an updated and quantitative analysis of the urbanization in the globe, with interesting outcomes. At the end, the communicative power of images and maps plays a key role from the perspective of social perception and serves as a key informative instrument in the hands of geoscientists. Quantitative maps of environmental variables (for example, reporting the pollution of air, water and soil) unequivocally display the human impacts on the geosphere. The air pollution maps of the globe derived via remote sensing technology, as with the ESA Tropomi instrument mounted on Sentinel 5 (https://www.esa.int/Applications/Observing_the_Earth/Copernicus/Sentinel-5P/Nitrogen_dioxide_pollution_mapped, accessed on 7 February 2021) or the maps of Cesium deposition in Europe after the Chernobyl accident (e.g., [30,31]) are emblematic. As a further instance, one can mention cold-war atomic tests (over 500 detonations in the 1950s and 1960s) which left an even broader and lasting “bomb spike” that is currently under examination as a possible Anthropocene marker with disturbing ethical connotations [32,33]. Finally, recent public health and epidemiological studies are revealing that, almost surreptitiously (e.g., [34]), the pollution of air (e.g., [35]), soil (e.g., [36,37]) and water (e.g., [38]) is significantly affecting the health and well-being of humans; the potential societal and economic impact for the coming years could be worse than what is expected from climate change. The potential interactions between pandemic events (e.g., COVID-19), environmental pollution and socio-economic processes are another area to be further investigated (e.g., [39,40]).



To be sure, many more examples could be presented, in connection with climate change, ecological impact, land-use changes and other geoenvironmental aspects. The point is that technology and geocomputational approaches are fundamental not only for researchers studying and managing the environment, but they are also fundamental to increase awareness among the wide public and policy makers toward environmental issues and controversies over “consensus on consensus” (beginning with the paradigmatic case of human-caused global warming, as discussed by [41]. In these cases, statistical graphs, images and maps (e.g., [42]) capturing the environmental processes are a formidable communication tool. However, statistics, graphs and maps should be always accompanied by information on the informative sources and on their inherent limits (e.g., spatial resolution, uncertainty, underlying assumptions, etc.), to correctly assess their objective content. This allows us to avoid useless controversies that misleadingly embrace an opposition between data and models (which are, in fact, generally interdependent, as discussed by [43]). It also helps us to counter wide-spread forms of anti-science skepticism, a growing problem in the public opinion whose recent manifestations have their roots in the ‘constructivist’ sociology of science (in particular, the thesis that scientific truths are socially constructed) [44]. Criticism stemming from the sociology of scientific knowledge needs to be counter-balanced by a renewed trust in the validity and objectivity of knowledge content, albeit with an awareness of the function of such content and its methodological and technological limitations. Otherwise, mounting skepticism can become an instrument of irresponsible economic agendas and populist politics, and deeply affect scientific work and discredit expertise, as has been evidenced by recent post-truth debates [45,46,47].




3. Technological Innovation and Geoenvironmental Data


Geoenvironmental data are fundamental in order to handle objectively the challenges that our planet and humanity are facing. They play a pivotal role in communicating geoenvironmental issues to a non-expert audience too. A fundamental characteristic of geoenvironmental data is that the spatial and temporal dimensions are an inherent property. In fact, the geographical position and temporal reference of environmental data (e.g., the concentration of a pollutant) are an integral part of the available information; this aspect has a decisive impact on all processes related to data collection, data analysis and dissemination of environmental information. Technological, hardware and software and methodological developments, both in regard to field as well as laboratory procedures, have a strong impact in geoenvironmental information retrieval, management and exploitation. The set of methodologies and tools that can be deployed to parameterize the environment is extremely wide and is characterized by continuous advancements. This contributes to the extreme heterogeneity in the characteristics of geoenvironmental data available. In fact, geoenvironmental data can be characterized by relevant differences in many aspects, such as (e.g., [48,49]): typology of information (e.g., continuous, categorical, compositional, hard, soft, etc.), spatiotemporal support of measurement, spatial coverage (fragmentary versus exhaustive information) and uncertainty.



Probably, at least concerning the analysis of the earth-surface geoenvironmental processes from a global perspective, the most evident progress in geoenvironmental data retrieval is related to the remote sensing technologies (e.g., [50,51,52]) mounted on spatial platforms outside the atmosphere. The remote sensing imagery, representing spatial data with an exhaustive coverage of the domain studied, have the capability to catch the dynamics of environmental processes in action, for wide areas and with relatively high spatial and temporal resolution. Series of imagery reporting atmospherics or oceanic circulation are an example of this capability. Another relevant example could be represented by the improvements in satellite gravimetry (e.g., [53,54]). National and international space agencies are making serious efforts aimed to develop new sensors and platforms and for improving easy access to data. From this viewpoint, it is worth mentioning the efforts of European Union with its European Space Agency (ESA) and Copernicus for developing new satellite sensors and making available to the public satellite data via various web portals and software tools (https://earth.esa.int/eogateway/ accessed on 7 February 2021). Remote or, more generally, contactless sensing (e.g., proximal sensing) includes not only sensors mounted on satellite platforms but also on all the other platforms, manned or unmanned, that can be terrestrial, marine and aerial (e.g., [55,56,57]). Moreover, active sensing technologies (e.g., [51]) such as Light Detection and Ranging (LiDAR) and Synthetic Aperture Radar (SAR,) have revolutionized the way in which we can study earth processes. An instance of this is the possibility to derive by means of airborne LiDAR high-resolution digital terrain/surface models that makes the detection of fine-scale morphology and the study of multiple aspects of surface roughness feasible (e.g., [58,59]). Moreover, these high-resolution terrain models, when collected on a multitemporal basis, are fundamental to monitor specific processes such as landslides, glaciers and coastal morphology (e.g., [57,60]). Concerning SAR technology, the possibility to monitor ground deformation for wide areas has a specific value for monitoring geoenvironmental processes such as land subsidence (e.g., [61]) or ground deformations after strong earthquakes (e.g., [62]).



Unfortunately, remote sensing technologies are useful for gathering information about the earth surface but furnish limited information on geoenvironmental processes and factors in the subsoil or below the water surface. In this context, geophysical methodologies, strongly connected with remote-sensing technologies and coupled with geocomputational tools, are fundamental to improve our understanding of earth subsurface processes (e.g., [63,64,65]). Geophysical methodologies have seen relevant developments in recent years, with the main trend toward the development of easy-to-deploy and low-cost technologies to be applied to a wide set of issues and in a wide range of settings, including urban contexts. For example, seismic, geoelectrical and georadar technologies are currently intensively applied for multiple geoenvironmental and geoengineering issues. The role of technological developments in this context is emblematically described by the case of passive seismic methodologies with the development of flexible and easy-to-use tromographs that fueled an effective explosion of environmental seismology-related research (e.g., [66]), focused, for example, on seismic microzonation and bedrock-sediment transition mapping.



Technological development improved the collection of geoenvironmental data useful for a wide range of earth science disciplines, both in the context of field and as well laboratory equipment. Focusing on field sensors and the related data loggers, the improvements have been impressive in multiple fields: geochemical sensors for environmental monitoring (soil, water and atmosphere), physical sensors (pressure, temperature, strain, conductivity, etc.) for hydrological and hydrogeological monitoring, proximal sensing, tracers, etc. In general, the trend is toward the development of low-cost sensors, rugged, customizable and requiring minimum maintenance. Then, modern sensors coupled with web technologies become smart and the “geosensor webs” become possible (e.g., [67]); within this framework, each sensor is capable of adapting to the registered signal and also of taking into account the feedback from the other sensors on the web, making the construction of self-adaptive monitoring networks feasible. This framework directly relates to the Internet of Things (IOT), a technology opening up new opportunities [68] but also implying potential cybersecurity threats [69] that can be critical when the environmental monitoring is devoted to important economical and strategical assets represented by natural resources.



Another typology of sensor that has seen strong improvement is the “human sensor” through Citizens Science approaches (e.g., [70,71]). In particular, the development in Information Communication Technologies (ICT), both from the side of software (e.g., web) and hardware (e.g., smart phones, microcontrollers, etc.) facilitates the collection of environmental data by means of participative approaches and directly in the field by means of digital technologies (e.g., digital geological mapping and references). In regard to participative geoenvironmental data collection, many examples can be reported; some of these are related to civil protection activities, ecological monitoring and post-disaster mapping, such as the post-Fukushima radioactivity monitoring network (https://safecast.org/, accessed on 7 February 2021). Citizen Science approaches could play an active role in increasing transparency in environmental monitoring and improving awareness on environmental issues.



ICTs play a fundamental role in all segments related to the productive chain of geoenvironmental information, including information retrieval, management and analysis (e.g., [72]). Cloud storing services are fundamental to manage the bewildering quantity of remote sensing data available from space agencies; for example, the private firm “Amazon”, with the “Amazon Sustainability data initiative” (https://registry.opendata.aws/collab/asdi/, accessed on 7 February 2021) manages remote sensing data from multiple sources. Cloud services play a pivotal role even in the context of computing and participative programming; “Google earth engine” for remote sensing (https://earthengine.google.com/, accessed on 7 February 2021) or the “Tensor” platform (https://www.tensorflow.org/, accessed on 7 February 2021) for machine learning are examples of how the computing power and the possibility to develop algorithms in collaboration with multiple researchers are widening the potentialities in environmental data analysis but are also raising concerns regarding the free access to data. Corporate ownership and selling of data, especially those related to human activities, and their embedment in algorithmic systems used for the reorganization and automation of labor and policing raise legal, ethical and political concerns [73,74,75]. Even in the context of geographical information systems (GIS), there is a continuous push, both from proprietary as well as open-source solutions, toward WebGis services and online GIS. Many environmental agencies, research institutions, associations and other entities collect and manage environmental data by means of cloud storage services, generally following various standards on data and metadata (e.g., Inspire). Moreover, bigdata related to human activity and consumption plays a key role in studying the possible geosphere-anthroposphere interconnections.



The complexity and quantity of geoenvironmental information available is ever-growing; this is also accompanied by continuous improvements and diversification of data analysis tools and increasing computer power. However, there is the feeling that these developments have grown much faster than our capability to fully, safely and robustly exploit available information. In order to “mine” the core information from multiple sources and huge quantity of data, which is not always qualitatively homogeneous, it is often necessary to adopt a big-data perspective and data-mining approaches. In this context, specific strategies for information validation become a key element. Relevant efforts should then be spent to formalize and explicate expert-based choices in the process of retrieving and analyzing data, given that user-based decisions impact many segments in the productive chain of environmental information. A final and perhaps obvious remark is that the dependency on online services for data storage and analysis could be risky, especially if based on infrastructures owed by private firms for which the profit is the inherent target, since they can change their policies at any time or they can also fail.




4. Geocomputing and the Earth Scientist


4.1. Geocomputing and Expert Knowledge


Geocomputational methodologies play a key role in the context of sustainability challenges. These are fundamental for the quantitative analysis of the main processes and their interactions characterizing the earth system (e.g., [1]). The analysis and modeling of geoenvironmental data are crucial for the detection of early-warnings signs of geoenvironmental-system instabilities at the local or global scales. Moreover, the importance of geoenvironmental intelligence tasks for economic investments and policy making has significantly grown, adding a ‘prescriptive dimension’ to the collection and modeling of geodata. This more than ever emphasizes the need for a conscious and transparent use of geocomputational methodologies.



Geoenvironmental information is generally exploited by means of supervised or unsupervised learning approaches for achieving two main tasks: data exploration and prediction. In this discussion, the term “prediction” is used in a broad sense, i.e., the action of evaluating the value of an environmental property or the state of an environmental system in a specific location of the spatiotemporal domain of interest, where information is lacking or it is incomplete (e.g., [48,49,76,77]). Clearly, prediction and data exploration are two interlinked and complementary tasks, often marked by fuzzy boundaries.



In data exploration, the main aim is to find some “interesting” underlying structure which is potentially capable of shedding light on studied phenomena (e.g., detection of forcing factors) and governing the predictive approaches further adopted. The “interesting” structure can be related to multiple aspects, e.g., spatial and temporal auto- and cross-correlation, trends (in space and or time), periodicities and multiscale analysis (Fourier, fractal, wavelets, etc.), in causality relationships, clustering, fractal analysis, tipping points, variable reduction, pattern analysis, etc.



In prediction, the main aim is to estimate the value (continuous) or the state (discrete) of an environmental property (or of an ensemble of environmental properties) in “locations” of the spatiotemporal domain of interest where measurements are missing or incomplete. Ultimately, from a practical perspective, one of the most important tasks is to obtain a spatiotemporally exhaustive “mapping”, static or dynamic, of the environmental variables of interest in a given spatiotemporal domain. The reconstructed spatiotemporal mapping should be characterized by low uncertainty and should be “realistic”, i.e., compatible with available data and with our expert knowledge.



Following this perspective, under the term “predictive” we can include not only explicitly predictive approaches (e.g., spatial interpolators, regression, etc.) but also numerical modeling approaches (e.g., ground water models). In particular, the adoption of a specific approach is dependent on the quantity of data available, the complexity of studied phenomena and on the level of knowledge of the involved physicochemical processes. Accordingly, we could classify the predictive approaches in terms of the balance between available data and expert knowledge in influencing the analysis. When data are dominant with respect to expert knowledge, statistical predictive approaches such as geostatistics, Bayesian modeling and machine learning approaches can be adopted [76]. In these approaches, the expert knowledge influences the analysis in a semi-quantitative way, for example, during the phases of exploratory data analysis and in the selection of critical user-defined settings (e.g., selection of the domain analysis, selecting a specific anisotropy parameter, etc.). Then, in those settings characterized by a general balance between available data and expert knowledge, the last codifiable only semantically, the prediction can be performed via a set of expert-based rules. In this typology, the approaches based on fuzzy logic [78] are emblematic. In other circumstances, the data spatiotemporal density can be too low for describing the true heterogeneity; however, at the same time, the physical-chemical processes governing the studied phenomena are identified and numerically modelable: in this setting, typical for example in groundwater modeling (e.g., [79]), the data are used for calibrating the numerical model, and the spatial fields of the geoenvironmental property of interest can be derived by means of forward modeling (e.g., the dispersion of a pollutant) or by means of inversion (e.g., hydraulic conductivity). Finally, a data assimilation approach can be adopted when a continuous flow of information is available and the physical-chemical processes governing the studied phenomena are identified and numerically modelable. In this setting, typical of meteorology and oceanography, the numerical models are continuously updated as long as new data flow in the model.



The role of expert knowledge becomes particularly intricate in explorative analysis focused on finding interesting structures in data. In some way, this typology of explorative analysis is related to the ancestral-inherent human characteristics of finding an underling meaning in the surrounding environment. For example, the inference of causation from data in Earth system sciences—including by means of machine learning—has received new attention [80] in the wake of novel trends toward the formalization of causal thought. Such trends are backed by claims that automated causal inferences constitute a breakthrough with respect to earlier vetoes against the derivation of causation from correlation—which led to a general ban on causal explanation from statistics [81]. The difficulty of shifting from an ‘epistemology of correlation’ to one ‘of causation’ is not unprecedented, as can be evidenced by important historical developments of the natural sciences. In astronomy, for instance, it took very long time before a proper celestial mechanics could emerge [82]. This emergence firstly presupposed the collection of ‘big observational data’ (from Babylonian times throughout the Middle Ages) and secondly, a shift from predictions based on the recognition of the recurrences of planetary motions to a geometrical ‘pattern recognition’ (beginning in Greek antiquity, cf. [83,84]). Eventually, causality could enter the arena of mathematical astronomy in modern times, when Kepler and, more maturely, Newton introduced forces as the causes from which the geometrical regularities of celestial physics should be derived. But this causal leap looked like an epistemological break rather than a causal inference. Even today’s most keen supporters of causal inference, Pearl and McKenzie, acknowledge that causes depend on belief assumptions ‘beyond the data’. Causal surmises can be confirmed and selected, yet they are not extracted from a hypotheses-free tabula rasa [85]. In the human sciences, the problem is tantalizing. The fathers of modern economy, especially after David Ricardo, already recognized that the source of the wealth of nations rests on labor, whose structuring and organization in specific societal formations depends on variable social and political factors [86]. Predictions based on the determination of historical causality are dubious since patterns can always be structurally altered by “black swans” that irreversibly change the paradigms to be modeled [87]. Renewed attention to the impact of ideas in the form of political and juridical theories that justify and produce societies’ developments—that is, the importance of political and ideological factors over economic and technical ones—is at the basis of a rebirth of historical approaches in economy, in which the importance of the natural language as a fundamental complement to the mathematical and statistic language has taken center stage [88]. Such epistemological remarks, far from destructive skeptical arguments, call for a sober recognition of the intrinsic limitations in the modeling of societal phenomena, which depend on the historically contingent character of the reality they map.




4.2. Geocomputation and Technology


The cited approaches have seen a growing applicability in recent years due to the increase in data availability, continuous software development and augmented computational power. In the context of software, the evolution of programming languages and of programming environments is a key ingredient for the applicability and development of computational approaches. Programming paradigms that go beyond old-fashioned procedural programming, currently based on object oriented, generic and functional programming make it feasible to write geocomputational software more easily and efficiently than in the past. Moreover, modern code could be potentially easier to understand and is better suited for participative collaboration and development. In this regard, the availability of opensource solutions and common standards are fundamental. An example is represented by the Python language (https://www.python.org/, accessed on 7 February 2021), both used as scripting for automation and customization in domain specific software (e.g., GIS packages) as well as a standalone programming language with its own scientific libraries. Other examples are represented by mathematical or statistical programming environments where the development of new algorithms is straightforward. In this context the opensource statistical programming environment R [89] is emblematic of the potentialities of opensource programming in science. Even domain-specific software (free-open or commercial) have seen astonishing developments, which can have an impact in the direction envisioned by the SGDs. The possibility to adopt free and open software solutions is fundamental to promote proper (perhaps more ‘democratic’) environmental management, as for ground-water resources (e.g., [90]).



In analogy to what has already been reported in regard to data-source availability, the available set of algorithms and related software seems to grow faster than the capability to select and use the right tools for specific tasks. For example, in the context of statistical predictive algorithms, such as geostatistics and machine learning approaches, the quantity of available software packages and algorithms, and the related papers, is bewildering. It is extremely difficult for an earth scientist, especially at the beginning of her/his career, to find a clear pathway among the multiple options available today. Moreover, scientific literature may be of little help if the reader does not adopt a critical view; it is not rare to review or read scientifically unsound or at least inaccurate papers, for example those naively applying interpolation methodologies. Nevertheless, the wide set of available methodologies in data analysis and modeling, including technologies fostering participative approaches, represents an opportunity to develop collective intelligence approaches. These, improving transparency and pluralities of perspectives, are necessary to shed light on the multiple aspects of the earth system and its interactions with the geosphere.



In order to move safely among the many options available today and the new ones of the future there is the need to improve many aspects related to geocomputation. First, an intense and generalized demystification campaign should be conducted to clarify the key concepts, the assumptions (often hidden) and the limits of available methodologies. This is particularly true for approaches that seek to find ‘interesting’ structures in data such as tipping points, chaos and causality relationships. Moreover, complex formula and formal mathematical expressions should always be accompanied by a clear explanation in plain language; specialistic terminology should be always explained and jargon should be avoided. In the same Enlightenment spirit, there is the need to highlight connections and analogies between different approaches, especially when the differences are mainly related to tradition and specificities of the different disciplines. There are multiple examples of this kind, e.g., the connections of kriging and objective analysis (e.g., [91]); the analogies between orthogonal regression and Principal Components (e.g., [92]); the analogies between autocorrelation analysis in time series and geostatistics. These first two targets are fundamental to obtain the third one: selecting the right tools for a specific task, preferring the simpler ones. Then, it is always worth highlighting the essential role of explorative data analysis and of expert-knowledge in predictive approaches, even when adopting machine learning algorithms and other supposed automatic/black-box methodologies. In this context, the main issue relies upon documenting transparently how user-based decisions influence the results of the analysis.





5. Data Imbalance at the Crossroads of Geocomputing, New Technologies and Historical Information


5.1. Data Imbalance


Technological developments and growing awareness of geoenvironmental issues are fueling a continuous growth in geoenvironmental data collection. This reverberates in the astonishing imbalance in data quantity, spatiotemporal density and spatial coverage between datasets related to currently or recently monitored phenomena and datasets related to past dynamics. If we focus on the analysis of the surface geoenvironmental processes, a sharp and exponential increase in data coverage and spatiotemporal density could be seen in the 1970s, corresponding to the beginning of the NASA Landsat program [50]. The more we dig into the past, the less environmental data are available, and the data imbalance becomes more evident. The deterioration in information density, coverage and quality going back in time, which for simplicity is referred to as a “data imbalance”, is clearly not new, and it is a recurring curse in many disciplines such as history, archeology and, of course, geology. What is really new is the bewildering explosion of new environmental informative sources and data collection capabilities of the last decades, which are growing day after day. The “bloom” in geoenvironmental data is particularly extreme in the context of earth surface processes; consequently, another extreme data imbalance is also present when dealing with subsurface data, characterized by a sharp deterioration in information moving downward. The data imbalance becomes relevant when studying geoenvironmental dynamics on long time lengths (or in 3D), for example in studying temporal trends of specific environmental variables (e.g., atmospheric temperature, sea level, subsidence, etc.). The imbalance is critical when the study of environmental dynamics is oriented to specific tasks, e.g., the analysis of variability, analysis of extreme events or in the detection of causality relationships (e.g., [80]).



In the perspective of sustainable development, and given the complex and reflexive relationships between humankind and the geosphere, the data imbalance is a critical issue, and is not easily surmountable. The earth scientists need to take into careful consideration the data imbalance in their analysis. A favorable condition is that the current capability to obtain a detailed and exhaustive spatial mapping of environmental variables of interest, even if limited to the earth surface, permits us to reasonably estimate the impact of a severe undersampling and/or of a deterioration in data quality. Moreover, it is possible to derive an almost exhaustive and detailed overview of the complexity and dynamicity of many environmental processes, including the presence of abrupt transitions of system state. However, considering human-environment interactions, we have to reflect on how an oversimplified modeling of societal phenomena hinders their very comprehension, as modeling might lead us to forget the discontinuity that marks human history, which is marked by shifts and breaks that can elude the framework of a given societal-cultural formation and that therefore can escape the possibility of necessary deduction from preexisting conditions.




5.2. Earth Science and the Humanities


The data imbalance discussed above and the need to analyze geosphere-anthroposphere interlinked dynamics in time amplifies the relevance to consider, in addition to well-known geology-related methodologies, historical sources. The derivation of geoenvironmental information from historical records (e.g., documents, paintings, architectures, etc.) is fundamental to reconstruct past geoenvironmental conditions (e.g., local sea levels), the occurrence of peculiar environmental events (e.g., exceptionally cold winters, earthquakes, eruptions) and the changing relationships between humankind and the environment (e.g., landscape engineering). For example, the use of historical records of earthquakes for seismic hazard evaluation is well-established (e.g., [93,94]) and relies on the possibility of directly appropriating historical records on the perception of seismic effects. Other examples can be found in the context of geomorphological changes (e.g., [95]), landslides (e.g., [96,97]), volcanic activity (e.g., [98]) and many other geoenvironmental phenomena. The derivation of quantitative proxy data from historical records is not straightforward, although some pioneering works already exist. Camuffo et al. [99] worked on the reconstruction of temperatures in the Mediterranean Sea over 500 years through the combination of more and less recent data derived from instrumental observation and historical sources for times that preceded modern scientific measurements. Camuffo et al. [100] could also derive evidence of extremely cold winters in the lagoon of Venice from local documentary sources, including not only archival documents but also the visual arts and early printed books. The most daring proposal has been to derive biological proxy about the past sea levels of the lagoon of Venice, from 1350 to 2014, from early-modern depictions of green algae in Venetian canals, and to integrate them with information about past sea levels inferred from the height of the stairs of historical palaces on the main city canal, the Canal Grande [7]. One of the main difficulties in order to use such sources rests on the correct historical evaluation of the material and cultural contexts of works of art and the uses of architecture. Moreover, not only did scientific concepts change with time but so did the units of measurement that were once used and the meaning of their referents. To take just one example, it is not easy to translate measurements of river flows in the past if, even after the Renaissance mathematization of the principles of water flow thanks to the Galileian school, the quantity of measured water was referred to the volume of a geometrical construction rather than to the modern concept of flow rate [101,102]. Additionally, the study of historical and archeological records also sheds light on how science, politics and socio-economic factors interacted from the perspective of geoenvironmental policies and adaption to ever-changing environmental conditions (e.g., [103]). To remain with the Venetian case, archival administrative, technical and political documents could provide a mine of geological and environmental data, provided the correct interpretative methods are employed. Such documents also offer historical cases that help us reflect on geoenvironmental politics. The proper methods, in this case, include archival competence, philological skills and historical training, which are rarely united with a sufficient preparation in the earth and natural sciences. Moreover, the use of digital tools for the extraction of information in the humanities (e.g., for textual analysis or the comparison of corpora of texts) is less developed than in the earth sciences, although the digital humanities is a rapidly growing field of research (e.g., [104]).




5.3. New Professionalism?


The derivation of quantitative geoenvironmental information from historical and archeological records is not an easy task and requires a truly holistic approach, in which earth scientists (e.g., geologist, soil scientist, ecologist, geographer, etc.) work in teams with historians, archeologists, philologists, historians of architecture and philosophers of science. Hence, it is necessary to establish more inter-disciplinary research networks and collaborations. A new hybrid profession is needed. Part of its work ought to be devoted to clarifying the historical meaning of scientific categories and their transformations, as well to clarifying the varying goals that shaped the sciences of the past, which is typically a work for intellectual historians. Most importantly, this hybrid professional figure should bridge different academic cultures and disciplines, thus mediating between different outlooks and different uses of concepts, which sometimes only superficially look identical. For instance, it is not clear yet, from a geo-anthropological perspective, how historical time and geological ‘deep’ time intersect and co-determine each other from the viewpoint of the disciplines that deal with them.



Problems of geocomputing, linked to data imbalance and the problems of integrating historical data, not to mention the modeling of societal data, are highly relevant in politics and decision making. Quantitative abstractions of cultural practices and the tracing of natural processes and human actions has ostensible advantages in terms of management but runs the risk of preparing new forms of exploitation and authoritarian politics. In fact, the inclusion of geoenvironmental models in economic computations, although pursued in the name of a “green economy”, reconceptualizes and operationalizes natural and cultural phenomena in terms of resources, services and capital (e.g., [105,106,107]). Far from being mere metaphors, such linguistic uses connected with quantitative abstractions ensures the possibility of economic valorization in the framework of a sort of “hyperrealism” which, at the level of individual and collective psychology, creates the illusion that the profit economy constitutes the unsurmountable naturalized horizon of history and human relations [108].





6. Conclusions


The increasing availability of data and geocomputational tools is continuously amplifying our capability to understand and model the environment. However, we are, maybe luckily, far from relying on purely automatic “meat mincer” approaches capable of searching and assimilating all available environmental data for the problem at hand and outputting the core information. Differently, data exploration, possibly according to a plurality of perspectives along with expert knowledge, play a key role in understanding and modeling earth system dynamics. Now more than ever, there is the need for earth scientists characterized by a balanced alchemy of geo-environmental knowledge and geocomputational capabilities, with advanced field-related skills. Field interpretation of the geoenvironment, even with the contribution of digital technologies, will continue to play a pivotal role.



Present-day geological and environmental challenges need us to look closer at human history, in particular the history of economics, technology, and science. These studies can help dig out environmental data and offer cases of the complex and reflexive dynamics between humans and their environments. Moreover, by strengthening the awareness of the historicity of human society, culture and knowledge, science studies (the wide spectrum of disciplines which reflect on science at philosophical, historical and sociological levels) foster critical thought, which is particularly important in order to find a balance between the political and the techno-scientifical components that are co-implicated in sustainable development policies.







Author Contributions


Conceptualization, S.T. and P.D.O.; writing—original draft preparation, S.T. and P.D.O.; writing—review and editing, S.T. and P.D.O.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by the European Research Council (CoG project, EarlyModernCosmology, Horizon 2020, GA 725883), and Italian Ministry of University and Research (FARE project, EarlyGeoPraxis).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


The design of this paper is related to a keynote presentation (Trevisani, 2019) presented during the international conference “TerraEnvision 2019: toward sustainable development goals” (https://terraenvision.eu/, accessed on 7 February 2021), held in Barcelona on 2–6 September 2019: “Geocomputing, New Technologies and Historical Analysis: Tools for a Changing Planet”. Some technology-related considerations have been inspired during the various meetings of the Geosciences & Information Technology group (Section of the Italian Geological Society). The authors are grateful to the Max Planck Society for the funding of the Max Planck Partner Group in Venice, The Water City, in order to further investigate the themes of this opinion paper. The authors would like to acknowledge the blind referees for their comments and suggestions and Jonathan Regier for his valuable support with the final revision.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Steffen, W.; Richardson, K.; Rockström, J.; Cornell, S.E.; Fetzer, I.; Bennett, E.M.; Biggs, R.; Carpenter, S.R.; De Vries, W.; De Wit, C.A.; et al. Planetary boundaries: Guiding human development on a changing planet. Science 2015, 347. [Google Scholar] [CrossRef] [PubMed]

	



Lade, S.J.; Steffen, W.; de Vries, W.; Carpenter, S.R.; Donges, J.F.; Gerten, D.; Hoff, H.; Newbold, T.; Richardson, K.; Rockström, J. Human impacts on planetary boundaries amplified by Earth system interactions. Nat. Sustain. 2020, 3, 119–128. [Google Scholar] [CrossRef]

	



United Nations. Transforming Our World: The 2030 Agenda for Sustainable Development. 2015. Available online: https://sustainabledevelopment.un.org/post2015/transformingourworld/publication (accessed on 7 February 2021).

	



Renn, J. The Evolution of Knowledge; Princeton University Press: Princeton, NJ, USA, 2020. [Google Scholar]

	



Chakrabarty, D. The climate of history. Crit. Inq. 2009, 35, 197–222. [Google Scholar] [CrossRef]

	



Giardino, J.R.; Houser, C. Introduction to the critical zone. In Developments in Earth Surface Processes; Giardino, J.R., Houser, C., Eds.; Elsevier: Amsterdam, The Netherlands, 2015; Volume 19, pp. 1–13. [Google Scholar]

	



Camuffo, D.; Bertolin, C.; Schenal, P. A novel proxy and the sea level rise in Venice, Italy, from 1350 to 2014. Clim. Chang. 2017, 143, 73–86. [Google Scholar] [CrossRef]

	



United Nations Department of Economic and Social Affairs—Population Division. World Population Prospects 2019: Data Booklet; UNODA Occasional Papers No. 31; ST/ESA/SER.A/424; United Nations: New York, NY, USA, 2019. [Google Scholar] [CrossRef]

	



European Commission—Joint Research Centre. Atlas of the Human Planet (2018) A World of Cities; EUR 29497 EN; European Commission: Luxembourg, 2018; ISBN 978-92-79-98185-2. [Google Scholar] [CrossRef]

	



European Commission—Joint Research Centre. Atlas of the Human Planet 2019—A Compendium of Urbanization Dynamics in 239 Countries; EUR 30010; European Commission: Luxembourg, 2020; ISBN 978-92-76-17418-9. [Google Scholar] [CrossRef]

	



Lewis, S.L.; Maslin, M.A. Defining the Anthropocene. Nature 2015, 519, 171–180. [Google Scholar] [CrossRef] [PubMed]

	



Trischler, H. The Anthropocene: A Challenge for the History of Science, Technology, and the Environment. NTM Zeitschrift für Geschichte der Wissenschaften. Tech. Medizin 2016, 24, 309–335. [Google Scholar]

	



Moore, J.W. Anthropocene or Capitalocene? Nature, History and the Crisis of Capitalism; Kairos: Oakland, CA, USA, 2016. [Google Scholar]

	



Yusoff, K. A Billion Black Anthropocenes or None; University of Minnesota Press: Minneapolis, MN, USA, 2018. [Google Scholar]

	



Crutzen, P.J.; Stoermer, E.F. The Anthropocene. Glob. Chang. Newsl. 2000, 41, 17–18. [Google Scholar]

	



Zalasiewicz, J.; Waters, C.N.; Williams, M.; Summerhayes, C.P. The Anthropocene as a Geological Time Unit: A Guide to the Scientific Evidence and Current Debate; Cambridge University Press: Cambridge, UK, 2019. [Google Scholar]

	



Phillips, J.D. Sources of nonlinearity and complexity in geomorphic systems. Prog. Phys. Geogr. Earth Environ. 2003, 27, 1–23. [Google Scholar] [CrossRef]

	



Scott, C.A.; Buechler, S.J. Iterative driver-response dynamics of human-environment interactions in the Arizona-Sonora borderlands. Ecosphere 2013, 4. [Google Scholar] [CrossRef]

	



Ison, R. Governing the human–environment relationship: Systemic practice. Curr. Opin. Environ. Sustain. 2018, 33, 114–123. [Google Scholar] [CrossRef]

	



Edwards, P.N. “A Vast Machine”: Standards as Social Technology. Science 2004, 304, 827–828. [Google Scholar] [CrossRef] [PubMed]

	



Eco, U. A Theory of Semiotics; Indiana University Press: London, UK, 1976. [Google Scholar]

	



Berger, P.L.; Luckmann, T. The Social Construction of Reality: A Treatise in the Sociology of Knowledge; Anchor Books: New York, NY, USA, 1966. [Google Scholar]

	



Bourdieu, P. Social Space and Symbolic Power. Soc. Therory 1989, 7, 14–25. [Google Scholar] [CrossRef]

	



Lotman, J. On the semiosphere. Sign Syst. Stud. 2005, 33, 205–229. [Google Scholar] [CrossRef]

	



Lotman, J. Culture as Collective Intellect and the Problems of Artificial Intelligence. Dramatic Structure: Poetic and Cognitive Semantics; O’Toole, L.M., Shukman, A., Eds.; Holdan Books: Oxford, UK, 1979; pp. 84–96. [Google Scholar]

	



Eco, U. Opera Aperta: Forma e Indeterminazione nelle Poetiche Contemporanee; Bompiani: Milan, Italy, 1992. [Google Scholar]

	



Damerow, P.; Lefèvre, W. Abstraction and Representation: Essays on the Cultural Evolution of Thinking; Springer: Dordrecht, The Netherlands, 1996. [Google Scholar]

	



Kuhn, T.S. The Structure of Scientific Revolutions; University of Chicago Press: Chicago, IL, USA, 1962. [Google Scholar]

	



Román, M.O.; Wang, Z.; Sun, Q.; Kalb, V.; Miller, S.D.; Molthan, A.; Schultz, L.; Bell, J.; Stokes, E.C.; Pandey, B.; et al. NASA’s Black Marble nighttime lights product suite. Remote. Sens. Environ. 2018, 210, 113–143. [Google Scholar] [CrossRef]

	



Dubois, G.; De Cort, M. Mapping 137Cs deposition: Data validation methods and data interpretation. J. Environ. Radioact. 2001, 53, 271–289. [Google Scholar] [CrossRef]

	



Meusburger, K.; Evrard, O.; Alewell, C.; Borrelli, P.; Cinelli, G.; Ketterer, M.; Mabit, L.; Panagos, P.; Van Oost, K.; Ballabio, C. Plutonium aided reconstruction of caesium atmospheric fallout in European topsoils. Sci. Rep. 2020, 10, 1–16. [Google Scholar] [CrossRef]

	



Zalasiewicz, J.; Zalasiewicz, M. Battle Scars: War Isn’t Just for the History Books. It is for Geology Ones, too. New Sci. 2015, 3014, 36–39. [Google Scholar] [CrossRef]

	



Masco, J. Nuclear technoaesthetics: Sensory politics from trinity to the virtual bomb in Los Alamos. Am. Ethnol. 2004, 31, 349–373. [Google Scholar] [CrossRef]

	



Rodríguez-Eugenio, N.; McLaughlin, M.; Pennock, D. Soil Pollution: A Hidden Reality; Food and Agriculture Organization: Rome, Italy, 2018; 142p. [Google Scholar]

	



World Health Assembly 69. Health and the Environment: Draft Road Map for an Enhanced Global Response to the Adverse Health Effects of Air Pollution—Report by the Secretariat; World Health Organization: Geneva, Switzerland, 2016; Available online: https://apps.who.int/iris/handle/10665/252673 (accessed on 7 February 2021).

	



Science Communication Unit—University of the West of England, Bristol. Science for Environment Policy In-Depth Report: Soil Contamination: Impacts on Human Health; European Commission DG Environment: Brussel, Belgium, 2013; Available online: http://ec.europa.eu/science-environment-policy (accessed on 7 February 2021).

	



Brevik, E.C.; Slaughter, L.; Singh, B.R.; Steffan, J.J.; Collier, D.; Barnhart, P.; Pereira, P. Soil and Human Health: Current Status and Future Needs. Air Soil Water Res. 2020, 13. [Google Scholar] [CrossRef]

	



Schwarzenbach, R.P.; Egli, T.; Hofstetter, T.B.; Von Gunten, U.; Wehrli, B. Global Water Pollution and Human Health. Annu. Rev. Environ. Resour. 2010, 35, 109–136. [Google Scholar] [CrossRef]

	



Malm, A. Corona, War Communism in the Twenty-First Century Climate, Chronic Emergency; Verso: London, UK; New York, NY, USA, 2020. [Google Scholar]

	



Cori, L.; Bianchi, F. COVID-19 and air pollution: Communicating the results of geographic correlation studies. Epidemiol. Prev. 2020, 44, 120–123. [Google Scholar] [CrossRef]

	



Cook, J.; Oreskes, N.; Doran, P.T.; Anderegg, W.R.L.; Verheggen, B.; Maibach, E.W.; Carlton, J.S.; Lewandowsky, S.; Skuce, A.G.; Green, S.A.; et al. Consensus on consensus: A synthesis of consensus estimates on human-caused global warming. Environ. Res. Lett. 2016, 11, 48002. [Google Scholar] [CrossRef]

	



Friendly, M. The golden age of statistical graphics. Stat. Sci. 2008, 23, 502–535. [Google Scholar] [CrossRef]

	



Edwards, P.N. A Vast Machine: Computer Models, Climate Data, and the Politics of Global Warming; MIT Press: Cambridge, MA, USA, 2010. [Google Scholar]

	



Latour, B. Why Has Critique Run out of Steam? From Matters of Fact to Matters of Concern. Crit. Inq. 2004, 20, 225–248. [Google Scholar] [CrossRef]

	



Oreskes, N.; Conway, E.M. Merchants of Doubt: How a Handful of Scientists Obscured the Truth on Issues from Tobacco Smoke to Global Warming; Bloomsbury: London, UK, 2012. [Google Scholar]

	



Kusch, M. Scientific Expertise in the Age of Post-Truth. TED Talk in Vienna. 2019. Available online: https://www.ted.com/talks/martin_kusch_scientific_expertise_in_the_age_of_post_truth (accessed on 19 November 2020).

	



Omodeo, P.D. The Political and Intellectual Entanglements of Post-Truth: A review of Steve Fuller’s Post-Truth: Knowledge as Power Game. Public Seminar: In the Spirit of The New School for Social Research. 2019. Available online: http://www.publicseminar.org/2019/09/the-political-and-intellectual-entanglements-of-post-truth/ (accessed on 7 February 2021).

	



Pereira, P.; Brevik, E.; Trevisani, S. Mapping the environment. Sci. Total. Environ. 2018, 610–611, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Daya, S.B.S.; Cheng, Q.; Agterberg, F. Handbook of Mathematical Geosciences (Fifty Years of IAMG); Springer International Publishing: New York, NY, USA, 2018; pp. 28–914. [Google Scholar]

	



Williams, R.S., Jr.; Carter, W.D. ERTS-1, a New Window on Our Planet; Professional Paper 929; U.S. Geological Survey: Washington, DC, USA, 1976; 362p.

	



Goetz, A.F.H.; Rock, B.N.; Rowan, L.C. Remote sensing for exploration: An overview. Econ. Geol. 1983, 78, 573–590. [Google Scholar] [CrossRef]

	



Musa, Z.N.; Popescu, I.; Mynett, A. A review of applications of satellite SAR, optical, altimetry and DEM data for surface water modelling, mapping and parameter estimation. Hydrol. Earth Syst. Sci. 2015, 19, 3755–3769. [Google Scholar] [CrossRef]

	



Ahmed, M.; Sultan, M.; Wahr, J.; Yan, E. The use of GRACE data to monitor natural and anthropogenic induced variations in water availability across Africa. Earth-Sci. Rev. 2014, 136, 289–300. [Google Scholar] [CrossRef]

	



Liang, W.; Li, J.; Xu, X.; Zhang, S.; Zhao, Y. A High-Resolution Earth’s Gravity Field Model SGG-UGM-2 from GOCE, GRACE, Satellite Altimetry, and EGM2008. Engineering 2020, 6, 860–878. [Google Scholar] [CrossRef]

	



Lissak, C.; Bartsch, A.; De Michele, M.; Gomez, C.; Maquaire, O.; Raucoules, D.; Roulland, T. Remote Sensing for Assessing Landslides and Associated Hazards. Surv. Geophys. 2020, 41, 1391–1435. [Google Scholar] [CrossRef]

	



Piégay, H.; Arnaud, F.; Belletti, B.; Bertrand, M.; Bizzi, S.; Carbonneau, P.; Dufour, S.; Liébault, F.; Ruiz-Villanueva, V.; Slater, L. Remotely sensed rivers in the Anthropocene: State of the art and prospects. Earth Surf. Process. Landforms 2020, 45, 157–188. [Google Scholar] [CrossRef]

	



Young, A.; Guza, R.; Matsumoto, H.; Merrifield, M.; O’Reilly, W.; Swirad, Z. Three years of weekly observations of coastal cliff erosion by waves and rainfall. Geomorphology 2021, 375, 107545. [Google Scholar] [CrossRef]

	



Glenn, N.F.; Streutker, D.R.; Chadwick, D.J.; Thackray, G.D.; Dorsch, S.J. Analysis of LiDAR-derived topographic information for characterizing and differentiating landslide morphology and activity. Geomorphology 2006, 73, 131–148. [Google Scholar] [CrossRef]

	



Trevisani, S.; Rocca, M. MAD: Robust image texture analysis for applications in high resolution geomorphometry. Comput. Geosci. 2015, 81, 78–92. [Google Scholar] [CrossRef]

	



Jaboyedoff, M.; Oppikofer, T.; Abellán, A.; Derron, M.; Loye, A.; Metzger, R.; Pedrazzini, A. Use of LIDAR in landslide investigations: A review. Nat. Hazards 2012, 61, 5–28. [Google Scholar] [CrossRef]

	



Teatini, P.; Tosi, L.; Strozzi, T.; Carbognin, L.; Cecconi, G.; Rosselli, R.; Libardo, S. Resolving land subsidence within the Venice Lagoon by persistent scatterer SAR interferometry. Phys. Chem. Earth Parts A/B/C 2012, 40–41, 72–79. [Google Scholar] [CrossRef]

	



Valerio, E.; Tizzani, P.; Carminati, E.; Doglioni, C.; Pepe, S.; Petricca, P.; De Luca, C.; Bignami, C.; Solaro, G.; Castaldo, R.; et al. Ground Deformation and Source Geometry of the 30 October 2016 Mw 6.5 Norcia Earthquake (Central Italy) Investigated Through Seismological Data, DInSAR Measurements, and Numerical Modelling. Remote. Sens. 2018, 10, 1901. [Google Scholar] [CrossRef]

	



Romero-Ruiz, A.; Linde, N.; Keller, T.; Or, D. A Review of Geophysical Methods for Soil Structure Characterization. Rev. Geophys. 2018, 56, 672–697. [Google Scholar] [CrossRef]

	



Day-Lewis, F.D.; Slater, L.D.; Robinson, J.; Johnson, C.D.; Terry, N.; Werkema, D. An overview of geophysical technologies appropriate for characterization and monitoring at fractured-rock sites. J. Environ. Manag. 2017, 204, 709–720. [Google Scholar] [CrossRef]

	



Boaga, J. The use of FDEM in hydrogeophysics: A review. J. Appl. Geophys. 2017, 139, 36–46. [Google Scholar] [CrossRef]

	



Larose, E.; Carrière, S.; Voisin, C.; Bottelin, P.; Baillet, L.; Guéguen, P.; Walter, F.; Jongmans, D.; Guillier, B.; Garambois, S.; et al. Environmental seismology: What can we learn on earth surface processes with ambient noise? J. Appl. Geophys. 2015, 116, 62–74. [Google Scholar] [CrossRef]

	



Zhang, X.; Chen, N.; Chen, Z.; Wu, L.; Li, X.; Zhang, L.; Di, L.; Gong, J.; Li, D. Geospatial sensor web: A cyber-physical infrastructure for geoscience research and application. Earth-Sci. Rev. 2018, 185, 684–703. [Google Scholar] [CrossRef]

	



Renn, J.; Hyman, M.D. Toward an Epistemic Web: The Globalization of Knowledge in History; Edition Open Access: Berlin, Germany, 2012; pp. 821–838. [Google Scholar]

	



Meneghello, F.; Calore, M.; Zucchetto, D.; Polese, M.; Zanella, A. IoT: Internet of Threats? A Survey of Practical Security Vulnerabilities in Real IoT Devices. IEEE Internet Things J. 2019, 6, 8182–8201. [Google Scholar] [CrossRef]

	



Hicks, A.; Barclay, J.; Chilvers, J.; Armijos, M.T.; Oven, K.; Simmons, P.; Haklay, M. Global Mapping of Citizen Science Projects for Disaster Risk Reduction. Front. Earth Sci. 2019, 7. [Google Scholar] [CrossRef]

	



Vohland, K.; Land-Zandstra, A.; Ceccaroni, L.; Lemmens, R.; Perelló, J.; Ponti, M.; Samson, R.; Wagenknecht, K. The Science of Citizen Science; Springer: Cham, Switzerland, 2021. [Google Scholar] [CrossRef]

	



Mathieu, P.; Aubrecht, C. Earth Observation Open Science and Innovation; Springer: Cham, Switzerland, 2018. [Google Scholar] [CrossRef]

	



Morozov, E. The Net Delusion: How Not to Liberate the World; Penguin: London, UK, 2012. [Google Scholar]

	



Bunz, M. The Silent Revolution: How Digitalization Transforms Knowledge, Work, Journalism and Politics Without Making Too Much Noise; Palgrave Macmillan: New York, NY, USA, 2014. [Google Scholar]

	



Zuboff, S. The Age of Surveillance Capitalism: The Fight for a Human Future at the New Frontier of Power; Profile Books: London, UK, 2019. [Google Scholar]

	



Kanevsky, M.; Maignan, M. Analysis and Modelling of Spatial Environmental; Data EPFL Press: Basel, Switzerland, 2004. [Google Scholar]

	



Hastie, T.; Tibshirani, R.; Friedman, J. The Elements of Statistical Learning: Data Mining, Inference, and Prediction, 2nd ed.; Springer: New York, NY, USA, 2009. [Google Scholar]

	



Demicco, R.V.; Klir, G.S. Fuzzy Logic in Geology; Elsevier: Amsterdam, The Netherlands, 2004. [Google Scholar]

	



Anderson, M.; Woessner, W.; Hunt, R. Applied Groundwater, Simulation of Flow and Advective Transport Modeling, 2nd ed.; Academic Press: Cambridge, MA, USA, 2015; 630p. [Google Scholar]

	



Runge, J.; Bathiany, S.; Bollt, E.; Camps-Valls, G.; Coumou, D.; Deyle, E.; Glymour, C.; Kretschmer, M.; Mahecha, M.D.; Muñoz-Marí, J.; et al. Inferring causation from time series in Earth system sciences. Nat. Commun. 2019, 10, 1–13. [Google Scholar] [CrossRef]

	



Pearl, J.; MacKenzie, D. The Book of Why: The New Science of Cause and Effect; Basic Books: New York, NY, USA, 2018. [Google Scholar]

	



Omodeo, P.D.; Regier, J. Celestial Physics. Cambridge History of Philosophy of the Scientific Revolution; Jalobeanu, D., Miller, D.M., Eds.; Cambridge University Press: Cambridge, UK, 2021. [Google Scholar]

	



Pedersen, O. A Survey of the Almagest; Springer: New York, NY, USA; Dordrecht, The Netherlands, 2011. [Google Scholar]

	



Juste, D.; van Dalen, B.; Hasse, D.N.; Burnett, C. Ptolemy’s Science of the Stars in the Middle Ages; Brepols: Turnhout, Belgium, 2020. [Google Scholar]

	



Powell, S. “Review” of The Book of Why by Pearl and Mackenzie. J. Multidiscip. Eval. 2018, 14, 47–54. [Google Scholar]

	



Heilbroner, R.L. The Worldly Philosophers: The Lives, Times, and Ideas of the Great Economic Thinkers; Touchstone: New York, NY, USA, 1999. [Google Scholar]

	



Taleb, N.M. The Black Swan: The Impact of the Highly Improbable; Penguin Books: London, UK, 2010. [Google Scholar]

	



Piketty, T. Capital et Idéologie; Éditions du Seuil: Paris, France, 2019. [Google Scholar]

	



R Core Team. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2016. [Google Scholar]

	



Rossetto, R.; De Filippis, G.; Borsi, I.; Foglia, L.; Cannata, M.; Criollo, R.; Vázquez-Suñé, E. Integrating free and open source tools and distributed modelling codes in GIS environment for data-based groundwater management. Environ. Model. Softw. 2018, 107, 210–230. [Google Scholar] [CrossRef]

	



Herzfeld, U.C. Inverse theory in the earth sciences—An introductory overview with emphasis on gandin’s method of optimum interpolation. Math. Geol. 1996, 28, 137–160. [Google Scholar] [CrossRef]

	



Maronna, R. Principal Components and Orthogonal Regression Based on Robust Scales. Technometrics 2005, 47, 264–273. [Google Scholar] [CrossRef]

	



Guidoboni, E. Ground changes in Italy caused by earthquakes: The contribution of historical data (XII–XVIII centuries). Disasters 1987, 11, 188–194. [Google Scholar] [CrossRef]

	



Guidoboni, E.; Comastri, A.; Boschi, E. The “exceptional” earthquake of 3 January 1117 in the Verona area (northern Italy): A critical time review and detection of two lost earthquakes (lower Germany and Tuscany). J. Geophys. Res. Solid Earth 2005, 110, 1–20. [Google Scholar] [CrossRef]

	



Trimble, S.W. The use of historical data and artifacts in geomorphology. Prog. Phys. Geogr. Earth Environ. 2008, 32, 3–29. [Google Scholar] [CrossRef]

	



Ibsen, M.; Brunsden, D. The nature, use and problems of historical archives for the temporal occurrence of landslides, with specific reference to the south coast of Britain, Ventnor, Isle of Wight. Geomorphology 1996, 15, 241–258. [Google Scholar] [CrossRef]

	



Bíl, M.; Krejčí, O.; Dolák, L.; Krejčí, V.; Martínek, J.; Svoboda, J. A chronology of landsliding based on archaeological and documentary data: Pavlovské vrchy Hills, Western Carpathian Flysch Belt. Sci. Rep. 2020, 10. [Google Scholar] [CrossRef] [PubMed]

	



Rosi, M.; Principe, C.; Vecci, R. The 1631 Vesuvius eruption. A reconstruction based on historical and stratigraphical data. J. Volcanol. Geotherm. Res. 1993, 58, 151–182. [Google Scholar] [CrossRef]

	



Camuffo, D.; Bertolin, C.; Barriendos, M.; Dominguez-Castro, F.; Cocheo, C.; Enzi, S.; Sghedoni, M.; Della Valle, A.; Garnier, E.; Alcoforado, M.; et al. 500-Year temperature reconstruction in the Mediterranean Basin by means of documentary data and instrumental observations. Clim. Chang. 2010, 101, 169–199. [Google Scholar] [CrossRef]

	



Camuffo, D.; Bertolin, C.; Craievich, A.; Granziero, R.; Enzi, S. When the Lagoon was frozen over in Venice from A.D. 604 to 2012: Evidence from written documentary sources, visual arts and instrumental readings. Méditer. Rev. Géogr. Pays Méditerr. Varia 2017, 1–68. Available online: https://journals.openedition.org/mediterranee/7983 (accessed on 23 November 2020).

	



Castelli, B. On the Measurement of Running Water; Blackman, D.R., Ed.; Translator; Olschki: Florence, Italy, 2007. [Google Scholar]

	



Omodeo, P.D.; Trevisani, S.; Babu, S. Benedetto Castelli’s Considerations on the Lagoon of Venice: Mathematical Ex-pertise and Hydro-Geomorphological Transformations in Seventeenth-Century Venice. Earth Sci. Hist. 2020, 39, 420–446. [Google Scholar] [CrossRef]

	



Mukerji, C. Impossible Engineering: Technology and Territoriality on the Canal du Midi; Princeton University Press: Princeton, NJ, USA, 2009. [Google Scholar]

	



Zamani, M.; Tejedor, A.; Vogl, M.; Kräutli, F.; Valleriani, M.; Kantz, H. Evolution and transformation of early modern cosmological knowledge: A network study. Sci. Rep. 2020, 10, 1–15. [Google Scholar] [CrossRef]

	



Hanley, N.; Barbier, E.B. Pricing Nature: Cost–Benefit Analysis and Environmental Policy; Edward Elgar: Cheltenham, UK; Northampton, MA, USA, 2009. [Google Scholar]

	



Kareiva, P.; Tallis, H.; Ricketts, T.H.; Daily, G.C.; Polasky, S. ; Theory and Practice of Mapping Ecosystem Services; Oxford University Press: Oxford, UK, 2011. [Google Scholar]

	



Schröter, M.; Bonn, A.; Klotz, S.; Seppelt, R.; Baessler, C. Atlas of Ecosystem Services: Drivers, Risks, and Societal Responses; Springer: Cham, Switzerland, 2019. [Google Scholar]

	



Fisher, M. 2009 Capitalist Realism: Is There No Alternatives; Zero Books: Winchester, UK, 2009. [Google Scholar]








[image: Land 10 00294 g001 550] 





Figure 1. Portion of the NASA global map of Earth’s night lights for the Mediterranean area, as observed in 2016 (from https://earthobservatory.nasa.gov/images/90008/night-light-maps-open-up-new-applications, accessed on 7 February 2021). 
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