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A B S T R A C T   

Cities worldwide are facing a significant threat of stormwater hazards caused by the increase in extreme 
downpours and urbanization. Meso-level urban stormwater management focuses on alleviating the detrimental 
impacts of urban flooding and enhancing water resource utilization at the block or community scale, typically 
through 1) specific policies and management rules; 2) catchment-scale scenario simulation, optimization and 
evaluation; 3) the group of stormwater control measures implementation. It may effectively coordinate macro- 
level urban stormwater management planning and micro-level distributed stormwater control facilities. This 
study conducts a review of Urban Stormwater Management at Meso-level (USM-M) with a view to research 
publication trends, citation analysis, geographic spread and subject category, as well as content analysis, 
including temporal progression and research gaps. The Web of Science database and CiteSpace are used for the 
bibliometric analysis of 66 articles from 2006 to 2021. The results show that the number of USM-M topic articles 
generally has an upward trend over the years. Whilst the United States and China are leading research on this 
topic, the European countries have diverse local research and dense cooperation. Research foci have generally 
shifted from theoretical frameworks to multi-element subdivided topics and specific technical roadmaps. 
Moreover, the spatial layout optimization and multi-functional integration are, or will be, potential research 
directions in terms of enhancing stormwater utilization and co-benefits of USM-M. This systematic review 
concludes trends, challenges and potential approaches of USM-M, and aims to provide recommendations for 
researchers and policymakers on the development of a more advanced and comprehensive USM-M.   

1. Introduction 

The importance of urban stormwater management (USM) for effec-
tive stormwater flow control, water quality improvement and water 
landscape amenity has become increasingly apparent as cities face 
climate change and flooding risk worldwide (Burns et al., 2012; Goulden 
et al., 2018; Islam et al., 2021; Vasconcelos and Barbassa, 2021). During 
past decades, urban areas and drainage systems have been significantly 
changed by the proliferation of impervious surfaces, building rooftops, 
and disappearing blue and green spaces, which simultaneously reduce 
urban resilience and anti-flood capability (Fletcher et al., 2014; Jiang 
et al., 2018). The earlier solution to these problems has been to domi-
nantly enlarge drainage pipe diameters to drain stormwater as soon as 
possible, but this has not always been effective, while severe urban flood 
events occur more frequently than before (Eckart et al., 2017). Com-
plementary USM approaches have emerged during the last few decades 
to try to construct a more applicable and nature-based solution to 

mitigate urban floods and reduce accompanying economic losses (Bar-
bosa et al., 2012; Chang et al., 2018; Fletcher et al., 2013; Islam et al., 
2021). 

USM often appears alongside other terms when discussing urban 
flooding issues. Fletcher et al. (2014) documented the history, scope, 
application and underlying principles of popular terms used in urban 
water management and provided recommendations for clear commu-
nication. For example, low impact development (LID), sustainable urban 
drainage system (SUDS), water sensitive urban design (WSUD), storm-
water control measures (SCMs), etc. In the last decade, the increasingly 
used green infrastructure (GI) emphasized the comprehensive applica-
tion of disciplines in order to achieve multiple ecosystem benefits and 
further explore USM (Hansen and Pauleit, 2014; Young et al., 2014). In 
addition, Nature-based Solutions (NbS) and Ecosystem-based Adapta-
tion (EbA) have gained increased recognition as umbrella terms 
covering ‘green’ climate adaptation measures (Brink et al., 2016; 
Nesshöver et al., 2017). These terms have significant overlap and have 
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been used in various subjects or research fields (e.g. environmental 
science, engineering, urban planning and landscape architecture). 
However, these expressions essentially convey two similar goals: 1) 
minimizing the negative impacts of urban stormwater and attempting to 
restore natural hydrological processes; 2) improving water quality with 
a reduction of pollutants (Fletcher et al., 2015; Wu et al., 2020). In this 
paper, the term USM (or urban drainage management) was used to 
describe the holistic application ranges, and the term LID was chosen to 
represent techniques and practices. Other similar terms are replaced by 
these two terms. 

With the continuous development of USM during the past 20 years, 
the research scope and content have gradually widened and deepened. 
This is reflected not only in the subsumption of spatial scale, but also in 
the policy or management framework, from vast watershed scale to local 
sites, grand policies to detailed regulations. USM usually can be 
conceptualized and implemented at three levels, i.e., micro-level, meso- 
level and macro-level (Haghighatafshar et al., 2018; Li et al., 2020; Zhai 
et al., 2021). Specifically, studies at the macro-level are mainly focused 
on philosophy, policies, top-level design and planning framework, 
which involves holistic city-scale or watershed-scale stormwater man-
agement practices (Chang et al., 2018; Y. Li et al., 2018; Palla and 
Gnecco, 2015; Xu et al., 2016). Meanwhile, studies at the micro-level are 
mainly focused on detailed design standards, bottom-up engagement 
and decentralized or single, stand-alone LID elements, their effective-
ness and operation, which involves localized parcel scale or particular 
processes in stormwater management (Hatt et al., 2009; Li et al., 2017; 
Pour et al., 2020). Compared to these two levels, the meso-level splits 
the situation at the macro-level to form representative units and merges 
the micro-level elements to form an independent system. Fig. 1 illus-
trates the three core components of the meso-level and their in-
teractions. Simulation and evaluation play a key role in the post or 
pre-analysis of impacts and help inform decision-making. Construction 
and field experiments form reliable samples and practice feedback for 
the other two parts, but require a longer time span to observe and 
calibrate results compared with numerical modelling. Policy and man-
agement strategy include socio-economic factors and comprehensive 
humanistic considerations. All three parts together build a balanced 
framework (Fig. 1). 

However, these three respective aspects can be applied in triple-level 
USM which involved quantitative and qualitative evidence and methods 
to conduct research. Therefore, it is important to build a clear scope in a 
particular meso-level and provide a foundation for determination. 
Studies on urban stormwater management at the meso-level (USM-M) 
focus mainly on: 1) specific policies and grassroots management rules: 
public participation and multi-stakeholder engagement are factors that 
influence the process; 2) catchment-scale scenario simulation, optimi-
zation and evaluation: the type, size, allocation mode of LID spatial 
layout; 3) typical homogenous construction unit at mesoscale including 
integration of stormwater control measures (SCMs), Internet of things 
(IoT) network and materials application (Ferrans et al., 2022; 
Haghighatafshar et al., 2018; Persaud et al., 2016; Xie et al., 2021; 
Zhang and Chui, 2018). This type of study is applied at the catchment, 
block, community scale, or as a group of SCMs. It plays a gap role but 
also as a level-coordinator, and supplements a nuanced balance between 
macro-level systematic management and micro-level fragmented facil-
ities (Khurelbaatar et al., 2021; Li et al., 2017; Xu et al., 2017). 

In general, USM has trended towards broad and integrated imple-
mentation in recent years, synthesized with multidisciplinary methods 
and tools (Ahammed, 2017; Eckart et al., 2017). However, with regards 
to USM-M, it is apparent that analytics, operation and implementation 
need to take place in a manner which can actively optimize system 
operation in a comprehensive evaluation. In fact, given the diverse na-
ture of USM-M and the complex urban environment, these practices are 
challenging due to being bound by many hydro-environmental, socio--
economic, and institutional constraints because of the complex in-
teractions between people, urban infrastructure, and the environment 

(Younos, 2011; Zhang and Chui, 2018). From the perspective of the 
whole city stormwater management, city blocks are the basic catchment 
units at the mesoscale and often have similar hydrological characteris-
tics. If the mesoscale can be solved effectively, it will help systematically 
solve urban water environment problems at other scales. Although 
certain studies have demonstrated this level of research on a variety of 
cases, it has been noted that consistent application up to a coordinated 
meso-scale perspective has rarely been achieved (Johnson and Gei-
sendorf, 2019; Khurelbaatar et al., 2021; Salvan et al., 2016a,b; Yin 
et al., 2020; Zellner et al., 2016; Zhai et al., 2021). Going forward, LID 
implementation will be required to be more systematic and effective as 
well as resource efficient (Xu et al., 2018; Zhang and Chui, 2018). 
Therefore, meso-scale coordination and multi-function integration 
needs to be considered in the construction of stormwater management 
systems. 

In a rapidly evolving field, it is necessary to periodically outline the 
state of the art to bring forward new perspectives and conclusions. 
Furthermore, despite the fact that there are plenty of review articles on 
stormwater management, none of them have concentrated on USM-M. 
The bibliometric review approach can add useful information about 
publications in a specific research field. Therefore, the objectives of this 
paper are to: 1) quantify and map the publication trend and research 
progression of USM-M; 2) provide an in-depth analysis of the state of the 
art in implementation and analytical tools, scale, scope and methods 
commonly used in this field; 3) identify the research gaps, and point out 
potential research directions of USM-M for the future. The later sections 
are structured as follows. Section 2 introduces the research methodol-
ogy. Section 3 provides a bibliometric analysis from different aspects, 
such as publication trends, citation analysis, geographic distribution and 
keywords timeline analysis. Section 4 focuses on the research progres-
sion and gaps, which includes research elements, tools and technics, 
scale and region. Finally, Section 5 provides the conclusion with sug-
gested directions for future research. 

2. Methodology 

Traditional literature reviews take a comprehensive approach to 
review theories by looking at the techniques, results, and comments of 
each paper, and then providing a foundation or cornerstone for future 
work (). In recent review research, the scientific knowledge mapping 
tool typically takes a set of bibliographic records of a research field and 
generates an overview of the underlying knowledge domain, such as 
CiteSpace, VOSviewer or Gephi (Chen, 2017; Chen and Song, 2019; 
Jacomy et al., 2014). CiteSpace can perform database literature 
co-citation, co-occurrence, and collaboration network analysis, and 
visually and statistically demonstrate evolutionary trends, knowledge 
association status, and research frontiers (Chen, 2006; Chen et al., 
2010). It offers a different perspective to describe the connections and 
networks between specific topics and their publication information. 

This study combined the bibliometric method and systematic content 
analysis to enable a critical examination of literature within this field. 
CiteSpace was used to generate the knowledge maps visualizations and 
also indirectly helps to determine the progression and gaps among lit-
eratures in content analysis of the USM-M study. The adopted approach 
for developing a comprehensive review for USM-M is illustrated in Fig. 2 
and can be summarized into four steps as follows.  

1. Searching literature related to USM-M from the Web of Science 
database. Inclusion and exclusion criteria are considered for the final 
retrieval from 136 papers.  

2. Bibliometric analysis of the publication number and trend of selected 
papers, as well as identify the citations, countries, subject categories 
and keywords.  

3. The content analysis method is used to cluster research content, 
progression summaries, and research gaps, which includes in-depth 
reading, chart documentation, and focused article analysis. 

H. Xu et al.                                                                                                                                                                                                                                       
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Fig. 1. Schematic representation of the three main components of USM-M and their interactions. The table lists their different scale considerations and USM-M specific components.  
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4. Comprehensive analysis of the results of the steps two and three, 
draw conclusions on current research interests and future trends, as 
well as the barriers posed by existing implications. 

In order to ensure the integrity and rigor of the analyzed literature, 
this study used Web of Science (WOS) Core Collection databases as the 
data source (Chen et al., 2021a,b; Singh et al., 2021). We collected 
pertinent terms and phrases to combine search queries, which ensured 
highly relevant search results and no duplicated or overlapping articles. 
As a result, there were two search queries in total, connected by “AND”, 
and all the terms of each query are shown in Fig. 3. Moreover, we 
combined the query namely TS = (“scale” or “level”) with the topic 
query to contrast the search result, and as a reference of total “scale 
topic” publication number of USM. 

The preliminary retrieved result showed that there are a total of 131 
articles with publication dates ranging from 2006 to 2021. Data for the 
year 2022 is excluded due to its incompleteness. In order to ensure the 
relevance of the literature content, the titles and abstracts of retrieved 
results were examined to exclude irrelevant literature. Part of articles 

are irrelevant. For example, GI usually is a broad concept that includes 
not only stormwater management factors but also other contents, like 
ecological and social benefits (Young et al., 2014). Also, the term “best 
management practices (BMPs)” is frequently used in the agricultural 
research field (Anantha et al., 2021; Young, 2011). Some articles that 
only marginally related to meso-scale USM, but mainly focus on climate 
issues or non-urban natural hydrological processes, were also excluded 
(Battisti et al., 2020; Holt and Borsuk, 2020; Makido et al., 2019; Middle 
et al., 2014). Certainly, a few of the publications that were eventually 
screened were either indirectly or partially related to USM-M, and it 
does not indicate that they were all completely focused on this topic. 

3. Bibliometric review of USM-M study 

3.1. Publication trend and citation analysis 

After the screening, the final literatures used in this study was formed 
and comprise a total of 66 articles. Fig. 4 depicts the evolution of pub-
lications number per year, which three lines present the scale/level 

Fig. 2. Flowchart of research methodology.  

Fig. 3. Illustration of the search keywords used in this study. The keyword categories are connected with “AND” while words within a category are connected with 
“OR”. An asterisk (*) represents a wildcard. 
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topic, the meso-level topic and final retrieved meso-level topic research. 
The line of scale/level topic can be used as a reference to reflect trends in 
the number of studies to which meso-level studies are subordinate. 
Overall, the three broken lines all showed analogous upward trends. As 
can be inferred, prior to 2006, only a few articles were published on 
these topics. From 2006 to 2021, the publication number growth rate is 
relatively stable. Taking 2015 as the cut-off, the growth rate after 2015 
is a bit faster than before, and publication number reached their peaks in 
2021 with separate 13, 25, 552 publications, and predictably continue 
to increase with time. 

Citation analysis is one of the most traditional methods applied in 
bibliometrics, which maps the significance or popularity when judging 
the impact of publications (Ellegaard and Wallin, 2015; ). We selected 
the top 10 cited articles, which reflect the current typical representation 
of the USM-M research field. Five of them were Chinese articles, three 
were American, one was from Australia, and one was from India. 

The publication time and citation details partly reflect the trend of 
the USM-M research field. Fig. 5 depicts the per year citation number of 
these ten articles since published, and it shows that the majority of the 

articles’ citations are still on an increasing trend, indicating their 
booming popularity. There are six, more than half of them, published in 
2016 and 2017. And only one was published before 2014. A large 
number of citations have occurred since 2018, reflecting how active this 
topic has been in recent years. Kong et al. (2017), Liu et al. (2014), Niazi 
et al. (2017) are three articles which citied are growing at a rapid rate. 
The most cited paper is from Chinese scholars Wen Liu et al., Assessing 
the effectiveness of green infrastructures on urban flooding reduction: a 
community scale study, which focuses on community-scale implementa-
tion methods for stormwater management in 2014. It uses scenario 
simulation to quantify the effectiveness of GI on reducing the runoff 
volume and peak flow, incorporating varied LID measures (Liu et al., 
2014). 

3.2. Geographic distribution and subject analysis 

Generating a country network map using CiteSpace resulted in 19 
nodes and 17 links. Fig. 6 (a) shows that the 66 articles were published 
by research institutes or groups in 19 countries and areas. Nodes in the 

Fig. 4. Mesoscale USM publication trend from 2006 to 2021.  

Fig. 5. Top 10 citation publications and citation number per year (total citation in brackets).  
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network are connected, indicating that each country’s study cooperates 
with others. The betweenness centrality (pink circle) which measures 
the importance of nodes in the network, reflecting the beneficial inter-
national influence of the research results in USM-M. The top five 
countries were the USA (23), People’s Republic of China (P. R. China) 
(16), Germany (8), England (5) and Denmark (4). The top three coun-
tries in terms of the betweenness centrality were P. R. China (0.36), USA 
(0.30), Germany (0.12). An analysis in terms of publication and cen-
trality indicated that the P. R. China and USA were the main research 
hubs in USM-M research. Europe showed a number of local and overseas 
research collaborations, such as France and Belgium, England and 
Japan, and Demark and India. In addition, other countries such as New 
Zealand, Australia and Japan have also published articles in this field. 

Fig. 6 (b) shows that the existing studies of USM-M involve a wide 
range of fields, such as environmental science, water resources, ecology, 
engineering, urban study, and economics. Some papers will be calcu-
lated in two or three categories if it evolved interdisciplinary content. 
The top three subject categories were the environmental sciences & 
ecology (41), water resource (27), water resources we science citation 
index expanded (19). The top three categories in terms of centrality 
(pink circle) were environmental sciences & ecology (0.65), social sci-
ence citation index (0.32) and water resource (0.21). Environmental 
science has played a vital and dominant role in this field of research. 
Although there are no authoritative summaries or very highly cited ar-
ticles in this subdivided research area, environmental science studies 
offer solid theoretical support and are leading the research direction. 

3.3. Keywords network timeline analysis 

Keywords network timeline analysis is a CiteSpace tool that can 
accurately portray the evolution of keywords through time. The key-
words are subdivided into clusters of references based on the strengths 
of co-citation links. Clusters are numbered and labelled by Latent Se-
mantic Indexing (LSI) analysis method, with a time duration of 1 (Chen 

and Song, 2019). The visualization results of Fig. 7 suggest that “urban 
stormwater management” and “low impact development” are the two 
fundamental keywords under the USM-M topic, debuting in 2009 and 
2014, and these two keywords respectively connect and organize plenty 
of other keywords. Among them, terms that appear more frequently 
include runoff, climate change, green infrastructure, system, urban, and 
so on. Integrated modelling, simulation, landscape design, scenario, 
urban heat island, etc, are among the most currently popular keywords 
on the right of the visualization. According to the cluster name, two 
more specific research subjects can be deduced from the titles of the 
clusters, in addition to terms such as urban stormwater, sponge city and 
green infrastructure, the cluster “urban forest structure” and “cost-be-
nefit analysis” are two additional research concerns that reflect the 
prospective of these two research directions or analysis methodologies 
in USM-M to some degree. 

4. Content analysis of USM-M study 

4.1. Analysis of USM-M research progression 

4.1.1. Diversity of research elements 
By browsing and summarizing the contents of a total of 66 papers, we 

have summarized the research elements, simulation and analysis tools 
and involved LID facilities, and judged research types (qualitative, 
quantitative or both) (Table 1). USM is a long-standing research and 
practice topic that originally focused on water quantity, quality, and 
hydrologic processes. However, the current USM studies is not limited to 
hydrological and hydraulic themes (Ahammed, 2017; Fletcher et al., 
2015). Therefore, regarding the research elements, we divided them into 
seven categories: topography, hydrology, climate, economy, ecology, 
policy and public participation, and others. It is clear that hydrology is 
addressed by the majority of papers, 51 in total, due to the most direct 
relevance of stormwater management and water resources (Chen et al., 
2021; Khurelbaatar et al., 2021; Li et al., 2017; Xu et al., 2018; Yin et al., 

Fig. 6. Network map of countries and subject categories researching USM-M. (a) Countries visualization; (b) Subject categories visualization.  
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Fig. 7. Keywords network timeline visualization of USM-M.  
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2020). After the hydrology element, policy and the public participation, 
economics came in second and third place. If most of the hydrological 
element research has been done on the technical aspects of USM-M, also 
part of articles taken ecological and socio-economic impacts into 
consideration. For instance, Johnson et al. (2021) analyzed ecosystem 
services and economic benefits within USM related to reduced 
heat-related hospitalizations and mortality in a neighbourhood-based 
case study. Nóblega Carriquiry et al. (2020) examined how the stake-
holders involved and interacted with each other in the USM imple-
mentation process, and showed active social impact from the 
community during the process and afterward, as sustainability gradually 
became vital topics in the neighbourhood to be incorporated in new 
developments. Johnson and Geisendorf (2019) estimated the private 
and social benefits and their economic value of urban ecosystem services 
of USM at a neighbourhood-level case in Berlin. 

Themeso-level studies present cluster effects on the basis of small 
scale. When a lot of single LID facilities are combined to form storm-
water management trains, the meso-level reflects the commonality of 
the clustered stormwater management systems. Other social- 
environmental factors could be included or mixed as equal influence 
variables to discuss their interaction effect, including humanistic, 
geographic or economic factors (Alderman et al., 2012). In terms of 
temporal distribution, recent papers increasingly reflect the composite 
nature of the research elements. These papers tend to combine three or 
more research elements, and it is increasingly prevalent to adapt 
quantitative mathematical models or optimization methods (Faragò 
et al., 2019; Gimenez-Maranges et al., 2021; Zhu et al., 2021; Wright 
et al., 2021). The content of papers published prior to 2016 is relatively 
homogeneous. Even for papers with multiple overlapping elements, the 
content is more broadly focusing on concepts definition, policy discus-
sion or implementation framework, and there are few quantitative 
multi-element studies (Grohmann and Menconi, 2016; Frame and Vale, 
2006; Gong and Hu, 2016; Marsalek and Schreier, 2009; Mguni et al., 
2016). Therefore, it is foreseeable that this kind of in-depth interdisci-
plinary and multi-element research is probable to become increasingly 
relevant under USM-M. Wilson et al. (2020) presented a non-linear 
modelling relationship between population growth, impervious area 
and total sewer overflow to understand neighbourhood-level changes, 
for adding robustness analysis to future projections. Sohn et al. (2020) 
developed classic hedonic pricing and spatial econometric models for 
the capitalization effects of neighbourhood-level stormwater manage-
ment facilities, mainly detention and retention ponds, using both 
cross-sectional and longitudinal housing prices. These are not common 
in micro-level USM research due to limited scale and elements. The di-
versity of elements reflects scholars’ consideration of USM-M not as a 
solely hydrological problem, and emphasizes the interrelationships and 
intersections of multiple elements happening under the meso-scale. 

4.1.2. Tools and technics 
In Table 1, the analysis and simulation tools here refer to the hy-

drological or hydraulic models and other software that can be used in 
combination. SWMM is the most popular tool (17 used), followed by GIS 
(14 used), and other tools such as MIKE Urban, PRIMER6, FLOW, L- 
THIA, i-DST SUSTAIN, etc (de Manuel et al., 2021; Spahr et al., 2021; 
Khurelbaatar et al., 2021; Zhu et al., 2021; Wright et al., 2021). The 
large scale hydrological and hydraulic simulations generally require 
simplification based on drainage system or elevation data for 1D/2D 
models (Randall et al., 2019; Roldin et al., 2012; Salvan et al., 2016a,b). 
However, the meso-level could use more detailed data to avoid losing 
information during the modelling process. However this does not mean 
that there is no limit to the data resolution. As the data refining and the 
data processing volume becomes greater, the processing speed will 
decrease (Yin et al., 2020). Therefore, it is important to choose the right 
resolution which can strongly influence the simulation result. As for 
micro-level research, the LID measures (e.g. permeable pavement, 
bio-retention pond, swale, green roof) used are more detailed, and 

parameters include specific structural layers, material attributes and 
dimensional ranges to evaluation benefits (Francis and Jensen, 2017; 
Hatt et al., 2009; Liu et al., 2020; Randall et al., 2020). These can be 
implemented, validated and optimized by local experiments, which are 
usually unrealistic or expensive in meso-scale cases. In addition, GIS is 
typically unnecessary in smaller case studies. 

As mentioned in section 4.1.1, the study elements are constantly 
increasing and combined. However, these elements are sometimes 
constrained by each other and cannot obtain a single optimal solution by 
linear regression. Therefore, multi-element researches often turn into 
multi-objective optimization problems. On the one hand, to optimize the 
combination of LID facilities to maximize hydrological and cost-benefits 
given the scarcity of land resources in urban areas. On the other hand, to 
optimize the combination of different aspect of factors to improve 
comprehensive influence of USM-M (Spahr et al., 2021; Tang et al., 
2022; Xie et al., 2022; Xu et al., 2017). A variety of multi-objective 
optimization algorithms, including non-dominant sorting genetic algo-
rithm (NSGA), ant colony optimization algorithm (ACOA) and particle 
swarm optimization algorithm (PSOA), showed different convergence 
speed and quality of a non-dominated solution set (Te Xu et al., 2018; Te 
Xu et al., 2017). Not only in the field of meso-level stormwater man-
agement, it has been applied in hydrological optimization articles 
(Duarte Lopes and Barbosa Lima Da Silva, 2021; Tang et al., 2022). 

4.1.3. Scale and region 
In terms of research scale, researchers’ definition of the “mesoscale” 

is vague. The research areas of the articles ranged in size from several 
hectares to hundreds of square kilometers despite the fact that the search 
string encompassed neighbourhoods, blocks, and communities. The 
study object is commonly defined by these terms, but the actual case 
scope is usually depended on the context of urban planning and 
watershed division. Therefore, the complex urban conditions and the 
geographically hydrological nature influence the scope selection of the 
appropriate USM-M practice, which might be one of the reasons why 
mesoscale studies are more flexible and heterogeneous. We selected 
articles with actual case studies and found that their scales were mostly 
around 10 ha to 1 square kilometre (Cai et al., 2018; Khurelbaatar et al., 
2021; Z. Li et al., 2018). Indeed, regardless of the difference in scale of 
the units, many articles refer to the idea of scale category of USM, 
forming a unitary and hierarchical management mindset. For instance, 
Marsalek and Schreier (2009) used property scale, neighbourhood scale, 
and watershed scale to distinguish different approaches belong to 
different scale. Besides, they tried to address the USM-M locally within 
the unit as much as possible by proper topographical reform and LID 
chain lay out, rather than limited single measure, in order to reduce the 
reliance on drainage system conveyance (Chen et al., 2021; Khur-
elbaatar et al., 2021; Liu et al., 2014; Marsalek and Schreier, 2009; 
Zhang et al., 2021). 

4.2. Analysis of the USM-M research gaps 

It can be seen that the research focus of USM-M includes a high de-
gree of multidisciplinary cross-fertilization. And the research contents 
have increased integration and sophistication elements based on the 
initial aim of flood mitigation, which is consistent with the whole urban 
drainage management research evolution process. However, there are 
also some research gaps that remain to be addressed. 

According to the review of upward trend of research popularity and 
geographical distribution, the USM-M research is still mainly concen-
trated in developed countries and the largest developing country, China. 
The research development in China is largely due to the promotion of 
the Sponge City policy (MoHURD, 2014; Yin et al., 2022). However, 
other developing countries have received less attention, because of a 
lack of research funding or limited targeting of study areas (Nkwunonwo 
et al., 2020). Indeed, research in the vicinity of flood modelling has been 
extensive, and over the years has resulted in the development of a wide 
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variety of schemes, datasets and methodologies for simulating flood 
hydrodynamics (Apel et al., 2009; Ibrahim, 2020). Limited by the level 
of socio-economic development and fundamental data collection, the 
actual potential of these developments has not been demonstrated in the 
USM-M within developing countries. 

Secondly, most of the current hydro-element studies, especially hy-
drological simulations are generally with a flow of catchment delinea-
tion, generalized drainage systems, input simulation parameters and 
calculation result or optimal simulation (Liu et al., 2014; She et al., 
2021; Xu et al., 2018). However, several factors that influence the de-
cisions made with respect to this implementation. For example, the 
topographic factor has an important role in integrating the spatial layout 
of LID facilities under USM-M which can effectively change the runoff 
route and concave convergence space, instead of starting to layout LID 
facilities directly. The topographic elements considered at the 
meso-scale should not be limited to land use and permeable or imper-
meable divisions. Technologies such as LiDAR and Context Capture 
modelling can assist terrain analysis with stormwater management in a 
more refined way. While only a small number of articles considered 
topographic elements as a prerequisite, and have integrated 3D, 2D and 
1D models for simulation (Yin et al., 2020). So, a preliminary estimation 
or comprehensive multi-object framework can be made, and the local-
ized limitation and specialized barriers should ideally be resolved or 
identified during this phase. 

Many mesoscale studies have focused on neighbourhoods and com-
munities, but the types, scales, compositional forms, and architectural 
features of communities are highly localized. Currently, the scope of 
studies is usually chosen based on parcel boundaries or administrative 
boundaries, which on the one hand neglects the coherence of green 
infrastructure and on the other hand precisely exacerbates the draw-
backs of existing urban roads that fragment areas. However, hydrolog-
ical processes usually do not stop at fictional boundaries. The study of 
communities needs to be examined and discerned in a larger context 
before focusing on the communities themselves. Overall, most studies 
shared the common sense that a meso-scale integrate management train 
with source control to terminal retention or reutilization is better than 
non-organized facilities, but how to specifically consider the regulation 
and transmission of stormwater resources across different groups or sites 
is still be researched. 

Mesoscale neighbourhoods or communities, as heterogeneous units 
of the city, are differentiated in their spatial forms, building types and 
LID facilities. The type selection, size and location of LID facilities are 
becoming more and more diverse and composite (Zhang and Chui, 
2018), also can be seen in Table 1. However, in the existing papers we 
rarely see studies that take constructed urban design as an entry point 
(Kabisch et al., 2016). It cannot be denied that the construction logic of 
urban design, architecture and landscape architecture inherently de-
termines the hydrological processes within cities. Modelling studies 
routinely demonstrate the benefits of smart, integrated stormwater 
management trains. However, future application requires development 
of blocks or communities from current digital experiments or ad-hoc 
site-scale pilots towards practical implementation (Ibrahim, 2020; 
Webber et al., 2022). The current research landscape barely showed a 
horizontal comparison between different climate conditions, different 
cities, or different blocks in a city, which also formed a gap of lacking 
comprehensive studies combining urban environment design and 
stormwater management. 

5. Barriers and future direction 

As described in the literature, USM-M has undoubtedly been a 
complex and focused area of urban water research. Dealing with 
extreme climate events and impervious surface growth will continuedly 
be motivating factors for the future growth of USM-M studies. There are 
still potential research directions and improvement that merit a break-
through, despite some progress being done in terms of research 

methodology and intersectionality. 
Researchers may be able to explore the development potential of the 

USM-M in developing countries by techniques and implementation ex-
periences already available in these countries. Also, simple and 
improper imitation should be avoided in developing countries in terms 
of their relatively immature policy regulation and implementation ap-
proaches (Fonseca et al., 2022; Vasconcelos et al., 2022). 

From the perspective of technology, past studies have more likely 
resorted to a limited number of scenario analyses so as to determine the 
results. With the integration of intelligent algorithms and machine 
learning technologies, the speed and accuracy of simulation will be 
advanced in the direction of identifying risk areas for stormwater 
management, LID facility layout planning and multi-objective optimi-
zation (Zhang and Chui, 2018). And types of LID facilities can be 
selected as variables, and a corresponding optimization model database 
for LID facilities can be established to further expand its scope of 
application (Tang et al., 2022; Xie et al., 2022). However, effective smart 
USM relies on an aligned, strategic and consistent direction. Despite 
high availability of components for implementation of smart stormwater 
approaches across connected sectors, the current state of smart storm-
water is dominated by proof-of-concept modelling studies. Most appli-
cations focus on water quantity rather than water quality challenges 
(Webber et al., 2022). 

From the perspective of implementation mechanisms, how to 
combine with local climate, urban space and meso-level regulations and 
policies so that the research results can be adopted and applied in 
practice is the next problem that must be faced (Cutter and Pusch, 2021; 
Hawken et al., 2021; Persaud et al., 2016). Further work could focus on 
current undervalued or underperforming indicators identified and test 
the findings in relation to specific meso-level case studies. Unlike 
macroscale and microscale, such an attempt at the mesoscale is practical 
and concrete because it avoids the generalization in the macroscopic 
perspective and the technical emphasis in the microscopic perspective. 
For example, the community personnel composition, the fund allocation 
for stormwater management, the implementation mechanism and its 
rationality will directly affect the final results. Little discussion has 
focused on this area. While the lack of such studies will reduce true 
effectiveness of simulation results in the USM-M. In terms of evaluating 
the benefits after implementation, continuous tracking and testing of 
real rainfall events should be an important basis for assessing the 
effectiveness of the case of USM-M (Burns et al., 2012). Also, the hy-
drodynamic models of surface and subsurface can be further combined 
to try to couple the simulation or implementation of gray-green infra-
structure, which has been practiced in communities or urban design, 
thus identifying the strengths and weaknesses of the established 
methods and preparing for the future development. 

6. Conclusion 

USM-M and its implementation, scale and optimization questions is 
an emerging topic in the stormwater management field, and recent 
research trends highlight a highly interdisciplinary character. To some 
extent, this trend might become more obvious as the finer research 
topics continue to be explored and refined. This study employed bib-
liometric analysis and systematic content analysis review on the field of 
USM-M and their general foci and tools. The consequent maps of 
countries, categories and timeline of keywords generated by biblio-
metric, network analysis serve to show the trajectory of the current 
research. The fields state-of-the-art development is summarized in this 
review paper to provide an overview for researchers, practitioners, 
decision-makers, and other stakeholders. 

The following key conclusions can serve to show the trajectory of the 
current research.  

(1) The quantity of USM-M topic paper shows the rising trend from 
2006 to 2021, and a faster growth happened after 2015. The 
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United State and China are leading research in terms of total 
number of publications, and European countries showed a high 
degree of diverse local research and mutual cooperation.  

(2) USM-M is a wide-ranging and highly interdisciplinary research 
field. Its scale boundary and assessment standards are still vague. 
Now the hydro-element topic is the leading subject in this field, 
and researchers tend to discuss it in relation to the economics, 
public participation, ecology and policy perspective. Researchers 
tend to use specialized simulation, evaluation, operation methods 
and tools to focus on stormwater management train application 
and its coupling effect with correlated elements, rather than the 
broad theoretical and framework research applied before.  

(3) SWMM and GIS are two of the most common analytical tools in 
this research area. Diverse simulation and analysis tools have 
been gradually introduced into this research area, for example, 
MIKE flood, L-GrID, L-THIA and so on. Multiple-objective opti-
mization, a relatively novel and effective solution, are increas-
ingly being coupled with other methods, in order to improve 
smart stormwater management. 

Based on the above conclusions, the following recommendations are 
made for future work in this area.  

(1) Due to the necessity of urban flooding mitigation and stormwater 
resource utilization, research on USM will continue for a long 
time. USM-M needs to make full use of the results of macro and 
micro-level to develop its own urban neighbourhood, commu-
nity, and catchment-scale based approach to stormwater man-
agement, exploring specific spatial configurations, simulation 
and implementation models, policies and localized strategies, 
and appropriate LID facilities layout construction in both devel-
oped and developing countries. 

(2) Hydrological performance, ecological service benefits, and eco-
nomic costs can often be calculated and characterized through 
mathematical optimization. Social environmental factors might 
be more difficult, thus interdisciplinary methods can be applied 
to establish relationships. Moreover, topographic elements and 
LID layout planning which is commonly presented through 2D or 
3D visualization inherently influence the hydrological processes 
of the city. How to closely link this planning and visualization 
with the quantitative relationships is an ongoing challenge, and 
will improve the effectiveness of USM-M implementation and 
expression. 
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