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Abstract

:

Low-Impact Development (LID) represents a cogent strategy designed to conserve or reestablish antecedent hydrological states through an array of innovative mechanisms and methodologies. Since the dawn of the millennium, LID-centric research has demonstrated a persistent upward trajectory, mainly focusing on its capacity to mitigate climate change repercussions, particularly runoff and peak flows. However, a standardized rubric and toolkit for LID evaluation remain elusive. While numerous studies have documented the hydrological and water quality benefits of LID, the impacts of climate change on its effectiveness remain uncertain due to varying spatial and temporal climate patterns. This comprehensive review examined 1355 peer-reviewed articles in English, comprising both research articles and reviews, indexed in the Web of Science up until 2022. Findings from the bibliometric analysis revealed significant contributions and emergent trends in the field. Notably, there is an increasing emphasis on performance evaluation and efficiency of LID systems, and on understanding their impact on hydrology and water quality. However, this review identified the lack of a standardized LID evaluation framework and the uncertainty in LID effectiveness due to varying climate patterns. Furthermore, this study highlighted the urgent need for optimization of current hydrological models, advancement of LID optimization, modeling, monitoring, and performance, and stakeholder awareness about LID functionality. This review also underscored the potential future research trajectories, including the need to quantify LID’s effectiveness in urban flooding and water quality management and refining LID simulation models. Cumulatively, this review consolidates contemporaneous and prospective research breakthroughs in urban LID, serving as an indispensable compendium for academics and practitioners in the discipline.
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1. Introduction


Climate change exerts a significant influence on myriad facets of our environment, from natural resource availability and infrastructure development to water accessibility. Among the multifaceted consequences of climate change are fluctuations in precipitation patterns [1], which manifest as reduced snowfall, accelerated snowmelt, and diminished summer rainfall [2,3]. Concurrently, the escalating temperatures intensify these impacts, leading to altered water quality [4], shifts in resource availability [5], changes in soil composition [6], variations in vegetation patterns [7], and disruptions in the timing of precipitation and runoff [8]. These intricacies of climate change demonstrate its profound and widespread implications, necessitating comprehensive strategies for adaptation and mitigation. Valjarević et al. [9] further elaborate on the relationship between cloudiness, water from cloud seeding, and plant distribution, illustrating the intricate ways in which atmospheric changes can influence ecological systems. The variations in climate change effects resonate globally, epitomizing the intricacies of global warming and unpredictable weather dynamics.



Urban ecosystems, characterized by high-density infrastructure and intense socio-economic activities, are particularly vulnerable to these changes. In many areas, increased rainfall frequency and extended dry periods have led to an escalation in urban flooding incidents [10,11]. Traditional storm drainage systems, designed for rapid rainwater discharge, are proving unsustainable and are economically burdensome in this new climate reality [12,13,14]. Consequently, urban planners and engineers are increasingly adopting sustainable practices for managing urban stormwater [15], integrating concepts such as integrated water resource management with climate change adaptation strategies, as expounded by Ludwig et al. [16].



Low-Impact Development (LID) stands out as a globally recognized solution. Tracing its roots back to Maryland in the United States [17], LID has been articulated and adapted under different monikers around the world such as Low Impact Urban Design and Development (LIUD) [18,19], Water Sensitive Urban Design (WSUD) [20], and Sustainable Urban Drainage Systems (SUDS) [21]. The LID approach focusses on managing rainwater runoff at its source, emulating natural hydrology to enhance infiltration and retention within urban watersheds [22]. With practices such as porous pavement, bioretention cells, and green roofs, LID has shown effectiveness in controlling stormwater runoff and has the potential to mitigate the increased surface runoff and extreme temperatures associated with climate change [22].



Previous reviews have substantiated the hydrological benefits of LID, including reduction in runoff volume and peak discharge rate, extension of lag time, nutrient and metal absorption, groundwater replenishment, and evapotranspiration-induced cooling [23,24,25,26]. Zhang and Jia [27] presented a comprehensive optimization framework for LID and highlighted the increasing shift towards large-scale optimization efforts and proposed novel strategies, such as objectives downscaling decomposition and schemes up-scaling theory, to incorporate the green-grey-blue system for multi-scale optimization. However, these standard reviews rely heavily on comprehensive methodologies involving an analysis and summary of the content of each research article [28].



The science of bibliometrics, grounded in quantitative and statistical methods, serves to expose the interconnectedness of published articles and to spotlight current trends in a specific research field through assessing the co-citation frequency of other publications [29]. Thus, supplementing traditional review methods with a bibliometric approach can enhance the comprehension of LID research development, popular research methodologies, and future research frameworks and perspectives [30]. Liu et al. [31] performed a bibliometric review on the impact of green roofs on water, temperature, and air quality, based on an analysis of 1623 articles published on the Scopus database between 1981 and 2020. Through an examination of the research and development frontier in green roof services, key research “hot topics” focusing on urban hydrology, thermal environments, and air quality were identified. Despite the extensive global studies on LID for stormwater and flood management, there is a conspicuous absence of a comprehensive review using bibliometric analysis to identify the central tendency and emerging research themes of LID [32,33,34].



This review represents a novel attempt to systematically explore the corpus of the literature on urban rainwater management via LID in the context of climate change. The distinctive attribute of this study lies in the utilization of the bibliometric tool, CiteSpace, to chart the scientific terrain, highlighting the pivotal research sectors and burgeoning trends within the LID domain. In particular, this analysis investigates (1) the scope of climate variability’s impact on LID, (2) the resilience of LID in preserving urban hydrology and water quality amidst climatic fluctuations, and (3) ideal LID deployment locales for maximizing potential benefits under anticipated climate conditions. As such, this endeavor serves to bridge an existing gap in the literature and offers directions for future research and best practices in this domain.




2. Methodology


A systematic review was conducted and bibliometric instruments were utilized to discern established and emerging research terrains within the LID domain, thereby mapping the symbiotic relationships between climate change and LID. Graphical data were instrumental in tracing the temporal evolution of this scholarly landscape, spotlighting contemporary research interests, and signposting potential trajectories for prospective investigations. These insights have, therefore, paved a comprehensive roadmap for further exploration into the influence of LID on urban rainwater management performance in a climate change context, facilitating deeper scrutiny into relatively uncharted territories. The ensuing sections delineate the search protocols and the analytical techniques employed in this bibliometric investigation.



To maintain a comprehensive scope of the target literature and to ensure the reliability of the results, the Science Citation Index Expanded (SCIE) from the Web of Science (WoS) database was utilized. The SCIE, as part of the WoS, is recognized for its extensive coverage of multidisciplinary journals, encompassing a vast array of subjects and disciplines. In contrast, the Science Citation Index (SCI) on the Master Journal List, while also part of WoS, primarily focuses on major journals with high impact in specific fields. Hence, the SCIE provides a broader spectrum of sources, ensuring a more exhaustive collection of the relevant literature. The WoS database’s widespread usage can be attributed to its extensive archival range, offering bibliographic data from 1964 to 2004, and source documents extending to the 1940s [35]. A sophisticated search modality employing Boolean operators was leveraged to comb through the literature. The search query implemented was as follows: TS = (“climate change” OR “climate variability” OR “extreme weather event” OR “global warming” OR “general circulation model” OR “representative concentration pathway” OR “socioeconomic pathway” OR “coupled model intercomparison project”) AND TS = (“green infrastructure” OR “low-impact development” OR “water sensitive urban design” OR “nature-based solutions” OR “source control”).



In order to focus on substantive contributions to the field, only two types of documents were considered in this review: research articles and review articles. The search spanned a 20-year period, from the start of 2002 to the end of 2022. This rigorous approach resulted in a corpus of 1335 publications (Figure 1).



In the bibliometric exploration, quantitative statistical methodologies were applied to the procured publications, offering objective, methodical, and replicable scrutiny of academic outputs. This dual-faceted approach encompassed a descriptive elucidation centered on publication metrics, as well as a content-centric exploration elucidating prevailing thematic undertones and research foci [36]. Utilizing the R package “bibliometrics” (version 1.2.5) in conjunction with the visual analytics capabilities of CiteSpace, the intricate dynamics, evolutionary trajectories, and emergent research nexuses within the pertinent domain were meticulously discerned [37,38].




3. Results


3.1. Bibliometrics Analysis


As of June 2022, the bibliometric analysis unveiled that between 2002 and September 2022, 256 journals published 1335 articles on LID research, boasting an average citation count of 20.44 per paper and 5.16 co-authors per document. As can be seen in the chart below (Figure 2), a scant number of studies were released in the early 2000s, with a significant surge in publication numbers not observed until 2016 (designated change point). This trend could be ascribed to China’s initiation of sponge city development from 2015 onward, sparking increased awareness in various quarters. An exponential growth was observed in the annual publication count. Preceding this point, fewer than 50 new publications surfaced annually, with a maximum of 10 articles per year until 2012. In stark contrast, over 100 articles were disseminated in 2018, indicating burgeoning research interest in this domain.



With regard to the geographical distribution, cooperative network analysis demonstrated that LID research had engaged 256 institutions spanning across 112 countries or regions (Table 1). Evaluating the quantity of papers published by each country not only yielded insight into the research terrain but also assisted researchers worldwide in pinpointing eminent affiliations and potential collaborators. The heterogeneous geographical dispersion of these affiliations emphasizes the international significance of LID research and accentuates the importance of interdisciplinary and transnational collaboration. Through amalgamating knowledge and resources from diverse countries and institutions, researchers can engender more efficacious and innovative LID practices that address the distinct challenges encountered by various regions under the influence of climate change.



3.1.1. Preeminent Sources and Contributors


Simultaneously, an analysis of subject categories within WoS documents reveals that the largest clusters of articles encompassed environmental science and ecology, green sustainable science and technology, and water resources as detailed in Table 2. These studies evidenced the mitigation potential of LID practices against the deleterious effects of urbanization and climate change. The relevance of “urban studies” to the climate change literature lies in its examination of urbanization processes, spatial planning, and land-use transformations—all of which play critical roles in shaping local climate responses and vulnerabilities. The way cities are planned and developed can significantly influence local climate factors, including urban heat islands and stormwater runoff. Therefore, “urban studies” is pivotal in understanding the synergy between urban development patterns and local climate changes. Beyond this, scholars worldwide have explored the pragmatic implementation of LID across various fields such as civil engineering and environmental engineering, and these explorations have been both practical and theoretical.



Citation analysis serves to highlight the influence and reach of particular publications and authors. Through examining the productivity of authors in this domain, key contributors who have significantly impacted urban development research in the face of climate change, offering substantial ecological, social, and economic insights, has been identified. The results of this analysis are shown in Table 3. Four of the most productive authors in the field of LID were identified: Pauleit, S. (16 articles), Liu, Y.Z. (13 articles), Vojinovic, Z. (13 articles), and Engel, B.A. (12 articles). Additionally, several other scholars have also played a critical role in advancing LID research. The most widely referenced paper, written by Kabisch [39] in 2016, suggests discussing LID as a topic for future science and policy, demonstrating its high interest and potential for use in the future. This citation analysis indicates the ongoing interest and pivotal research areas in the LID domain. The contributions of these authors, particularly those who are frequently cited, signal important topics and research directions. Future research might build upon these influential works, extending or challenging their findings and premises, thereby furthering the understanding of LID within the climate change framework.




3.1.2. Analysis of Research Topics via Keyword Co-Occurrence


A chronological overview in Figure 3 displays keyword co-occurrence in the LID field, showcasing major research focal points. Climate change and stormwater management emerged concurrently in 2002. Early stormwater management studies focused on discharge rates, expanded to climate change adaptation’s hydrological and water quality impacts. Post-2008, global discourse on climate change and green infrastructure escalated. As low-impact development, green infrastructure, and nature-based solutions gained recognition, comprehensive evaluations of LID applications increased. These strategies addressed climate challenges, mitigated effects, fostered adaptation, and regulated water quality. Furthermore, various assessment methodologies, such as AHP and TOPSIS, featured frequently, with SWMM emerging as the predominant model utilized in LID studies. An exhaustive analysis of 11 LID models found SWMM to be most suitable in terms of model properties, hydrology, and hydraulics modules [40]. Hydrological and water quality models focused on total runoff, peak, and time to maximum. New research emerged, predicting LID efficiency under climate change scenarios, using General Circulation Models (GCMs) to estimate future climates. Post-2013, optimizing LID practices gained recognition, with landscape eco-efficiency frequently cited. References underlined managing eutrophication and ecosystem services’ cost-effectiveness, reflecting ecologically conscious LID approaches.



When multiple keywords co-existed within a single paper, it often suggested an inherent interconnection, which could be assessed through their co-occurrence frequency. A prevailing notion was that the more often a word pair emerged within the same literature, the more profound the linkage between those two topics. Through computing the frequency with which two subject terms co-occurred in the same document, a co-word network that encapsulated these keyword associations could be formulated. An exploration of keyword clustering through CiteSpace (Figure 4) indicated that the clusters could predominantly be divided into three overarching categories: phenomena (like climate change, urban heat island, and climate adaptation), statistical undertakings (such as urban green spaces and wastewater), and tangible implementations (for instance, LID, nature-based solution, green infrastructure (GI)). In Table 4, we find that the top 10 keywords indicated dominant themes related to climate change, urban systems, and proactive environmental solutions. We read these articles and found that articles with keywords such as “green infrastructure” and “nature-based solutions” tended to signify innovative approaches to environmental challenges, suggesting their potential applicability in urban planning. This trend indicated a preference for natural mechanisms. Articles featuring the keywords “climate change”, “green infrastructure”, and “nature-based solutions” underscored the urgency of adopting strategies to mitigate climate-related issues. This study primarily discussed the re-evaluation of existing low-impact development (LID) techniques, the creation of LID models, and the establishment of research frameworks.





3.2. Hydrological Impacts of LID in the Context of Climate Change


Predictive models suggest that climate change-induced global temperature increases will amplify the intensity and recurrence of extreme storm events. For instance, in much of Australia, severe rainfall events are anticipated to intensify due to climatic warming [41]. Research by Zahmatkesh et al. [42] demonstrates that climate change could augment both the volume and peak discharge of urban stormwater runoff in the Bronx River watershed, New York City, USA. Frequency analysis of projected runoff also signaled a considerable escalation in the occurrence of extreme storm events. The combination of climate change and urban sprawl escalates the susceptibility of urban regions to flooding and economic damage, with climate change predicted to augment flood-induced damage by 26%. Such alterations in urban stormwater runoff attributed to climatic impacts may have significant repercussions for watershed management and the design of stormwater and flood control measures.



Historically, the design paradigms of LID have hinged upon the performance criteria derived from archival climatic data. Yet, emerging evidence from climate change impact studies underscores that contemporary LID installations must fulfill performance expectations that veer from historical climatic norms. A myriad of both direct and indirect metrics has been employed to evaluate the hydrological efficacy of LID systems [43,44,45]. Evident in Figure 5, hydrology-related keywords reflect the extensive exploration within the literature regarding the influence of LID performance on factors such as peak runoff and temperature amid storm events. Concurrently, this body of the literature conducts comparative evaluations and assessments of the integration of various LID practices. The utilization of GCMs in forecasting future climate scenarios is also discernible within the keyword assortment. This segment envelops the impact of LID on hydrology within the climate change milieu.



3.2.1. Evaluating Performance of LID in Enhancing Hydrology


A standard approach to analyzing climate impacts is to classify individual storm events according to climate traits and statistically evaluate the hydrologic yields from LID systems among the groups. This approach is based on historically recorded climate data [46]. The results generally showed that the benefits of LID systems in reducing runoff volume and peak flow as well as lengthening lag time were diminished by the group of larger storm size, higher intensity, longer duration, and wetter beginning conditions [47]. Which storm-related factors, however, have a greater impact on LID performance than others are still unknown. Hadipour et al. [15] have discovered that the majority of LID techniques are only useful for modest flood peaks. They frequently fail because the site-specific and temporally variable climatic conditions are not optimized.



An examination of various studies reveals a common theme of evaluating Low-Impact Development (LID) practices as effective solutions for climate change adaptation. Such practices include the utilization of green roofs, permeable pavements, and bioretention cells. Simulations conducted under various scenarios, such as short-duration storm analysis and climate change estimates for extended periods, consistently demonstrate the positive impact of these practices in climate change adaptation. In the study by Qin et al. [48], three LID scenarios were investigated: Scenario 1 implemented swales, Scenario 2 utilized permeable pavements, and Scenario 3 incorporated green roofs. Each of these scenarios was designed to model different strategies for managing stormwater in an urban setting. The findings revealed that all three LID scenarios—swale, permeable pavements, and green roofs—are more effective at reducing flooding during stronger and shorter storm occurrences. The location of the peak intensity, however, has a substantial impact on how well they work. For example, swales are ideally suited for early peak storm events, permeable pavements work best for middle peak storm events, and green roofs are most effective for late peak storm events.



LID strategies exhibit varying effectiveness based on storm characteristics. For example, swales prove more effective for early peak storm events, permeable pavements for middle peak storm events, and green roofs for late peak storm events. Likewise, combinations of different LID practices, such as green roofs and permeable pavements, have been found to mitigate both peak flooding and runoff significantly, with maximum runoff reduction reaching up to 56.02% for a single 10-year storm event under combined scenarios [49]. Environmental factors, such as temperature and seasonal variations, also play a crucial role in the performance of LID practices. Studies suggest key determinants of possible annual and seasonal runoff retention include the length of the winter/spring season, precipitation patterns, the sequence of wet days-dry spells, and evapotranspiration rates. Mantilla et al. [32] found the length of the winter/spring season, the distribution of precipitation patterns, the sequence of wet days-dry spells, and evapotranspiration rates (for green roofs) were determined to be the key determinants of the possible annual and seasonal runoff retention between places. Winter/spring presented the most significant contrasts, largely influenced by runoff regimes generated by snowmelt and rain-on-snow events, especially in locations where snowmelt contributes significantly to runoff generation. Summer, on the other hand, showed the least differences. Some empirical studies have evidenced better LID performance in summer than winter [50].



The performance of LIDs in terms of volume and peak flow reduction is also associated with the level of imperviousness. Studies find that runoff reduction and peak flow reduction increase linearly with reduced imperviousness [51]. Different combinations of LID strategies, each with distinctive attributes, can deliver optimal overall performance. LID practices can reduce flood volumes by 11.3–45.4% during a 10-year rainfall event and by 5.6–28.5% during a 100-year rainfall event [52]. The benefits of these mitigation measures, however, differ with integrated LID performance holding more importance than individual practices.




3.2.2. LID Efficacy in Anticipated Climate Scenarios


Urban drainage systems built to handle present and historical storm conditions have given rise to questions about their ability to continue operating effectively in the face of a changing climate. Researchers are progressively employing GCMs to gauge the robustness and overall effectiveness of LID practices under projected climatic patterns. GCMs, the cornerstone tools for approximating future climatic scenarios [53], employ mathematical equations to typify the interactions of energy and matter across the ocean, atmosphere, and land.



Mattos et al. [54] calibrated and evaluated a rainfall-runoff model in a tropical watershed located in Midwestern Brazil. An ensemble of 17 GCM outputs, dictated by Representative Concentration Pathways (RCP 4.5 and RCP 8.5), was employed to generate future climate change scenarios up to 2095. The LID efficiency was assessed based on runoff peak reduction and stormwater drainage resilience via a resilience index. Combinations of LID demonstrated a reduction in runoff peak higher than 20%, with the optimal LID combination achieving a reduction of up to 46%. The type of rainfall influenced the LID implementation strategy when measuring rainfall-runoff reduction through peak inflow reduction. Regardless of equal total daily rainfall, the variation in the subsequent day’s rainfall also influenced rainfall runoff reduction. Liu et al. [55] utilized a validation model to simulate the impact of green roofs on reducing urban catchment outflow. Results indicated a median increase in runoff volume and peak flow rate under SSP2-4.5 and SSP5-8.5 scenarios, indicating the high variability of runoff volume and peak flow changes for short-return storm events induced by climate change. Green roof implementations exhibited reasonable mitigation effects on runoff volume and peak flow amplification in urban catchments induced by climate change. Wang et al. [56] demonstrated that during relatively frequent short-duration storms (such as 1 y/1 h storms), the peak runoff under S1, S2, and S3 ranged from 37.8 L/s to 59.8 L/s, 109.1 L/s to 167.3 L/s, and 181.3 L/s to 234.1 L/s, respectively. In the absence of any LID, the peak flow in RCP 8.5 could reach as high as 1070.9 L/s, highlighting the criticality of effective LID implementation in managing peak runoff. Despite a poor flood mitigation effect during short, intense storms, LID’s performance improves with increased rainfall duration.



However, it is essential to delve into the research limitations regarding how climate change impacts LID performance, as shown by Zahmatkesh et al. [57]. A flow frequency analysis of the annual peak flow projected over 30 years (2030–2059) indicated future benefits of LIDs. With the mean precipitation of four carbon emission scenarios, results illustrated that the future runoff of a 25-year return period from existing development would coincide with that of a 50-year return period from LID practice. Still, certain locales, such as coastal cities, demand particular attention regarding sea level rise. An elevated groundwater table in the future could cause increased peak flow with the installation of infiltration-based LIDs.





3.3. Impact of LID on Water Quality under Climate Change


With the continual expansion of urban development and the relentless progression of climate change, the intricacy and severity of urban water pollution is magnifying. Of particular concern are runoffs engendered during storm events, which often bear harmful substances, including bacteria, pathogens, sediment, heavy metals, and organic pollutants. Such contaminants pose significant threats to the quality of urban water bodies [58]. In recognition of this escalating predicament, there is an imperative focus on the deployment of LID measures capable of mitigating such adverse impacts, particularly in the context of a changing climate. The keyword compilation depicted in Figure 6 pertains to the influence of LID on water quality. The most salient performance aspect discernible is the removal of pollutants. Simultaneously, model simulations are conducted for the future projection of LID to forecast its resilience.



3.3.1. Evaluating Performance of LID in Enhancing Water Quality


Recent data suggested that water quality was deteriorating as the severity and length of flood and drought events increased. These impacts differed depending on the hydrological dynamics and mass balance within a body of water (for example, a river, estuary, or lake) and its catchment area [59]. Key factors of water quality change have been identified using quantitative research where greater focus has been placed on turbidity and eutrophication. Eutrophication is the most prevalent problem in water quality worldwide [60]. Eutrophication is produced by excessive nutrient loads, especially phosphorus (P) and nitrogen (N), which have been the subject of several research on water quality measures. In freshwater ecosystems, phosphorus (P) is often identified as the limiting nutrient and principal driver of eutrophication; as a result, management practices have focused on controlling P loading [61]. In addition, it is indicated that changes in sediment yield and nutrient load due to climate change are larger than the corresponding changes in streamflow. Higher N and P loads are observed during rainy seasons, owing to increased nutrient transport via precipitation [62]. Turbidity transport models have been used in other typical water quality investigations to estimate suspended particles. Precipitation and discharge flow are important indicators of physical water quality parameters such as total suspended solids (TSS), and they are directly related to streamflow [63].



Karakouzian et al. [64] discovered that the 50% urbanization scenario resulted in more runoff and pollutant loads, compared with the 20% urbanization scenario. Under scenarios with climate variability, runoff and pollutant load peaks occurred earlier in time, due to the higher intensity rainfall events. Furthermore, LIDs decreased pollutant loads by up to 25%, indicating their effectiveness in decreasing the impact of urbanization on receiving water bodies. In an effort to quantify the effects of LID measures on water quality, several studies have employed simulation frameworks at the watershed scale. Liu et al. [65] for instance, examined the Crooked Creek watershed and modeled the implications of best management practices (BMP) and LID performance on water quantity and quality across 16 different scenarios. Notably, various degrees and amalgamations of BMPs/LID yielded runoff reductions from 0% to 26.47%, decreased total nitrogen (TN) by 0.30% to 34.20%, mitigated total phosphorus (TP) by 0.27% to 47.41%, lessened total suspended solids (TSS) by 0.33% to 53.59%, and attenuated lead (Pb) concentrations by 0.30% to 60.98%.



Additional simulation-based research such as Lam et al. [66] used the Soil and Water Assessment Tool model and underscored the efficacy of LID strategies in reducing nitrate-nitrogen and total nitrogen loads by 8.6% to 20.5%. Yet, the impact of LID implementation on the reduction in sediment loads and total phosphorus was less pronounced. Zhang et al. [67] focused on rain gardens in Kyoto, Japan, and demonstrated noteworthy pollutant reduction rates (TSS 15.50%, COD 16.17%, TN 17.34%, TP 19.07%) during short-duration storm conditions across six rainfall return periods. Other studies such as Taghizadeh et al. [68] utilized a combination of the Multi-Objective Particle Swarm Optimization algorithm and Storm Water Management Model (SWMM) software to analyze the water quality impacts of stormwater management facilities with LID strategies in Tehran, Iran. These studies collectively underscore that while LID practices significantly enhance water quality, the level and type of implementation matter, and these practices often perform better when applied collectively rather than individually.




3.3.2. Assessing the Resilience of LID in Future Scenarios


Scenario analysis showed that the LID hydraulic performance declined under all three future climate scenarios (RCP 2.6, RCP 4.5, and RCP 8.5). Uncertainty analysis suggested that the climate change caused wide-range uncertainties on LID performance, the uncertainty of LID water quality performance was larger than that of LID hydraulic performance [69]. Given the impending climate shifts, it is crucial to evaluate the future resilience of LID strategies. Sharma et al. [70] implemented regional climate model projections as input for a 100-year-long high-resolution rainfall time series. Their findings indicated that higher flows and increased total concentrations from the catchment were likely in future climate scenarios, underscoring the need for efficient water management practices like LID. Beak et al. [71] studied the impact of LID under climate change scenarios and found that all LID measures significantly reduced both total and peak loads, despite the LID size being only 10% of the study site. This suggests that LID strategies can be effective in improving water quality even when applied on a smaller scale. Moreover, Zhang et al. [72] observed minor differences in LID’s impact on pollutant removal, flow frequency reduction, and system reliability after analyzing various climate models. Burge et al. [73] conducted a case study in Melbourne, Australia, measuring the likely impact of climate change on LID performance using adjusted historical rainfall time series. Most LID systems showed strong resilience, with only minor reductions in their pollutant load reduction performance even under worst-case climate change scenarios. In conclusion, current research supports the effectiveness of LID measures in improving water quality, but future studies need to better understand the implications of climate change on the efficacy and resilience of these strategies. Furthermore, research should also examine the optimal blend of LID strategies for maximum water quality enhancement under diverse climate scenarios.





3.4. Strategic Optimization for LID Implementation


The inherent diversity among watersheds renders a vast array of alternatives for LID control application at the urban catchment scale. This entails nuanced decisions pertaining to the dimensions, quantity, placement, and combinations of controls. In a bid to maximize runoff and peak flow reductions while maintaining minimal costs, the selection and positioning of LID controls requires meticulous scrutiny, given the primary constraint of cost in stormwater management endeavors. In this context, this segment elucidates the concept of low-impact development, interspersed with case studies demonstrating optimization in water resource management.



Tansar et al. [74] embarked on a comprehensive study to ascertain the most effective spatial placement of LID within an urban catchment and the consequent impact on Sustainable Urban Drainage Systems (SUDS) performance. The objective was to gauge the potency of LID at local and catchment scales under varying scales and rainfall intensities. Findings demonstrated a notable reduction in surface runoff, peak runoff, and flood volume when individual LID controls such as bioretention cells, green roofs, permeable pavements, and rain gardens were implemented across 25% of the impervious catchment area. Meanwhile, Eckart et al. [12] developed, calibrated, and validated an SWMM model for a sewershed in Windsor, Ontario, to evaluate the performance of LID stormwater controls under three disparate return periods. They used an optimization–simulation model to fine-tune LID implementation strategies across five unique scenarios for each of the three storm events. The primary objectives were to curtail peak flow in the storm sewers, diminish total runoff, and minimize cost. The implementation led to a reduction in peak runoff and total runoff volume by 13% and 29%, respectively, for the Windsor sewershed.



An amalgamation of various LID controls, complemented through the optimization of specific LID parameters within the physical environment of implementation, can significantly augment the efficacy of the proposed mitigation measures. This proposition was validated by Lopes et al. [75], who utilized an adaptation of the Genetic Algorithm NSGA-II in tandem with the hydrologic model SWMM to facilitate optimal LID scenario design aimed at minimizing stormwater runoff and total costs across different return periods. The results manifested that the model was proficient in identifying an array of optimal solutions with varied levels of runoff reduction and costs across all return periods considered.



However, a solely green-based system may not exhibit complete resilience to extreme climate change. Current research has predominantly focused on deriving the optimal strategy via scenario analysis methods or optimizing LID performance under the presumption of constant grey infrastructure. Leng et al. [76] applied their methodology to a case study in Suzhou, China, demonstrating that while the costs of green-grey synchronously optimized scenarios are marginally lower than green optimized scenarios, the former presented higher reductions in runoff and pollutants. Under green-grey optimized scenarios, green and grey infrastructures contributed to runoff and pollutant control in a roughly 60:40 ratio. While LID controls exhibit significant impact on runoff control under changing climate conditions, their efficacy may wane during future high-intensity rainfall events.





4. Discussion


Analyzing the co-occurrence patterns of keywords within scholarly publications offers a nuanced understanding of the prominent themes and interconnected domains in a given field. This study meticulously examines these interrelations, particularly emphasizing the intricate links between climate change, hydrology, and water quality. This manuscript intricately maps the topography of LID research, accentuating the imperativeness of climate change adaptation strategies. It is noteworthy to mention that the repercussions of climate change on stormwater management are multifaceted. Such complexities are attributed to a myriad of factors, including distinct climate alterations, inherent attributes of local watersheds, intricacies of sewer systems, and synergistic effects with prevailing management paradigms [77,78]. With regard to the future development of LID and climate change in the context of complex factors, we summarize three main limitations and directions in the discussion that follows: (1) quantifying the impacts of LID on water quality; (2) advancing LID modeling under climate change; and (3) integrating LID, climate change, and water policy.



4.1. Quantifying LID Effects on Water Quality


The efficacy of LID in mitigating urban flooding and water quality issues has been largely endorsed, yet a paucity of studies has effectively quantified these improvements, particularly concerning water quality. Standard water quality parameters often encompass nutrients, metals, pH, dissolved oxygen, and temperature. Nonetheless, there is a scarcity of data demonstrating the influence of LID measures on these parameters. The uptake of pollutants by plants, dictating the bioavailability of pollutants and thereby influencing the pH of the water column, is one such instance. Water emanating from a green roof, imbued with higher pollutant concentrations, might perturb the pH downstream, potentially instigating adverse conditions for the riverine ecosystem [79]. Despite a dominant emphasis on hydrological benefits in the literature, potential detrimental effects on water quality due to climate change are often overlooked. There exists an urgent need for quantitative data to discern the efficacy of stormwater technologies in restoring water balances and eradicating emergent and challenging-to-quantify pollutants.




4.2. Advancing LID Modeling under Changing Climates


Moving beyond the direct impact on water quality parameters, it is imperative to examine the tools used for simulating the effectiveness of LID practices, particularly in changing climatic conditions. The existing models for LID simulation have significant limitations, often neglecting certain types of LID like tree canopies, plants present in specific LIDs (e.g., biocontainment cells, rain gardens), porous pavements, biocontainment cells, and depressions. The spatial scale of climate models is a key aspect to be considered [80,81], temporal resolution, another key facet, requires substantial improvement in some models. While a substantial number of chosen models support a broad range of temporal resolutions, some models (HEC-HMS, RECARGA, and win-slam) are unsuitable for long-term modeling. While there is an undeniable inclination towards integrating spatial data visualization tools, evaluations of prevailing methods for water system hydromorphic placement revealed inconsistencies in the models [40]. As the majority of LID research leverages quantitative techniques such as cost analysis, scenario planning, and spatial analysis (inclusive of hydrological/hydraulic modeling, GIS analysis, and WRF), future efforts should pivot towards hybrid methodologies to rectify model inadequacies under the unpredictability of climate change.




4.3. Integrating LID, Climate Change, and Water Policy


The dearth of understanding regarding best practices and design guidelines for LID is a salient issue. LID construction and operation commonly adhere to standards conceived and executed in industrialized nations due to the lack of universal design standards for LID. This can engender issues with apt installation and operation given the profound influence of local climatic and geographical factors on LID development and operation. It has been established that nearly 60% of LID studies emanate from the USA, Australia, and the UK, as found by Parker et al. [82]. Urban areas in developing countries will be the most adversely affected by climate change, this is due to the increased number of people living in urban areas, high population density, settlement of people in floodplains, steep slopes and wetlands, increased impervious surfaces, land-use changes, poor drainage infrastructure, and indiscriminate disposal of waste which clog drains [83]. However, contributions from Asia and South America are sparse, despite these regions being in the crosshairs of significant climate change threats. Moreover, the majority of studies originate from cities within temperate and snowy climate categorization zones. Consequently, it is incumbent upon future research to delineate optimal LID specifications and curate suitable guidelines for LID deployment in locales with diverse climatic and geographical characteristics.





5. Conclusions


This review elucidates the criticality of employing quantitative analytics to discern the interplay between the scientific literature and terminologies pertinent to climate change. Through leveraging bibliometric platforms like CiteSpace and the “R” bibliometric package, the analysis serves as an indicative gauge for emergent research trajectories. Through an assessment of keyword co-occurrence in 1355 scholarly articles culled from Web of Science until 2022, a notable intersection of climate change considerations within LID research becomes evident. The examination underscores a burgeoning focus on LID systems, particularly on their operational evaluations and efficiency predictions. The analytic lens further extends to delineate the impact of LID interventions on urban hydrology and water quality, thereby contributing to nuanced methodologies for efficient urban stormwater source control.



LID is increasingly being recognized for its potential ecological contributions in the face of climatic shifts. These range from flood risk mitigation and non-point source pollution alleviation to biodiversity enhancement. Previous inquiries suggest that LID performance is subject to multifaceted variables such as water quality indices, vegetative attributes, and substrate heterogeneity. However, the extant literature exposes lacunae warranting future scrutiny. For instance, the necessity for comprehensive water quality measurements and the formulation of interdisciplinary approaches emerges as imperatives. Furthermore, the dearth of experimental data on the symbiosis between LID and other infrastructural modalities elucidates a need for methodological diversity in assessing LID design applications under changing climatic conditions. Therefore, this review transcends a mere scrutiny of the extant literature. It stands as an exhaustive compass pointing to both the present depth of understanding and potential directions awaiting exploration. Such profound insights aim to inform researchers and decision-makers with a robust foundation, enabling a more nuanced investigation into LID performance and its optimal refinement, ultimately pushing the boundaries of sustainable stormwater management.
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Figure 1. Research stages and description. 
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Figure 2. Research on the effectiveness of low-impact development on climate change collected in the WOS database. 
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Figure 3. Timeline view of the Clusters. 
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Figure 4. CiteSpace keyword clustering analysis. 
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Figure 5. Keywords for the impact of LID in hydrology. 
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Figure 6. Keywords for the impact of LID in water quality. 
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Table 1. Corresponding author’s country.
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	Country
	Articles
	Multiple Country Publications
	Same Country

Publications
	Frequent
	Same Country Publications/Multiple Country Publications





	China
	210
	130
	80
	0.157
	0.615



	USA
	199
	152
	47
	0.149
	0.309



	United Kingdom
	127
	61
	66
	0.095
	1.082



	Australia
	81
	42
	39
	0.061
	0.929



	Italy
	75
	45
	30
	0.056
	0.667



	Germany
	58
	39
	19
	0.043
	0.487



	Spain
	58
	35
	23
	0.043
	0.657



	Canada
	53
	34
	19
	0.040
	0.559



	Netherlands
	41
	17
	24
	0.031
	1.412



	Sweden
	36
	16
	20
	0.027
	1.250










 





Table 2. The proportion of English articles in various fields in the subject categories of WOS documents.






Table 2. The proportion of English articles in various fields in the subject categories of WOS documents.





	Web of Science Categories
	Record Count
	Ratio





	Environmental Sciences
	949
	51.4%



	Environmental Studies
	547
	29.6%



	Water Resources
	348
	18.9%



	Green Sustainable Science Technology
	337
	18.2%



	Urban Studies
	218
	11.8%










 





Table 3. Most Local Cited Authors.






Table 3. Most Local Cited Authors.





	Author
	Articles
	Articles Fractionalized
	Local Citations





	Pauleit, S.
	16
	3.05
	234



	Liu, Y.Z.
	13
	2.17
	114



	Vojinovic, Z.
	13
	1.96
	103



	Engel, B.A.
	12
	2.00
	123



	Kumar, P.
	12
	2.02
	73










 





Table 4. Ten high-frequency keywords.






Table 4. Ten high-frequency keywords.





	Keywords
	Degree
	Centrality
	Keyword Frequency





	Climate change
	33
	0.17
	700



	Green infrastructure
	23
	0.10
	430



	Nature-based solutions
	3
	0.07
	243



	Ecosystem service
	4
	0.01
	222



	Impact
	28
	0.19
	205



	City
	5
	0.01
	195



	Low-impact development
	26
	0.28
	177



	Ecosystem services
	2
	0.01
	160



	Model
	13
	0.28
	126



	Framework
	3
	0.02
	112



	Stormwater management
	3
	0.03
	110







Note: Centrality captures the number of times a node (in this case, a keyword) acts as a bridge along the shortest path between two other nodes. Therefore, keywords with higher centrality are often essential ones that connect various topics or research areas in the field of Low-Impact Development in the context of climate change. Centrality is typically normalized between 0 and 1 by dividing the raw score by the maximum possible score for a network of the same size.
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