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ABSTRACT

Against the backdrop of global climate change and in
regards of urban sustainable development, enhancing
climate resilience has become a critical strategy in
adapting climate change for urban areas, where blue-green
infrastructure is considered an important means. Although
existing studies mention that blue-green infrastructure
(BGI) can promote urban resilience by increasing its own
diversity, flexibility, redundancy, modularization, and
decentralization, questions like where to promote, by what
specific means to promote and to what extent it could
promote to are still lack of scientific exploration, leading
insufficient support for applying resilience theory into
planning and design practice. This research recognizes
the role of BGI in building climate resilience in the key
fields of functioning—urban floods, sea level rise, and
high temperature and heat waves—and summarizes that
the common functioning mechanisms include the bio-
physical properties of BGI, forming modular units with
other infrastructures of similar functions, and the reliance
on networked structures to help the system restore its
physical functions and social connections as quickly as
possible after disturbances and attacks. This paper also
analyzes possible obstacles that hinder the promotion of
BGI solutions—the lack of data support to BGI functioning
mechanism, the lack of comprehensive assessment on
ecological-social-economic benefits, and the difficulty in
gaining confidence from decision-makers and the public.
Finally, this paper proposes countermeasures from
aspects of theoretical development, planning practice, and
implementation and management, in order to offer insights
for building urban climate resilience.

KEYWORDS

Climate Change; Climate Resilience; Blue-Green
Infrastructure; Co-citation Networks; Nature-Based
Solutions; Applied Problems; Countermeasures
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1 Introduction

The various hazards caused by climate change and urbanization on human living
environments—floods and droughts, frequent extreme weather events, food and
water shortages, etc.—are increasing and human health continues to suffer. In
recent years, the concept of “resilience” has been introduced into urban planning
and management to mitigate the impacts of such threats'"?, Resilience refers
to “the ability of a social or ecological system to absorb disturbances while
retaining the same basic structure and ways of functioning, the capacity for self-
organization, and the capacity to adapt to stress and change”". Studies on urban
climate resilience, an important branch of urban resilience, focus on how urban
systems holistically accommodate or respond to long-term impact of climate
change and extreme climate disasters'*. The Intergovernmental Panel on Climate
Change (IPCC) emphasized climate change as a threat to sustainable development
of cities, and “climate-resilient pathway” as an urban development strategy for
mitigating and adapting to climate change'.

Blue-green infrastructure (BGI) can be understood as a hybrid network of
natural or semi-natural infrastructure of blue-green spaces and built systems,
e.g. forests, wetlands, rivers, parks, green roofs, green walls and bio-retention
ponds that can contribute to ecosystem resilience and human well-being through
ecosystem services'® ! thus is considered a widely adoptedand effective approach
for climate change mitigation and adaptation. Besides of adaptation to climate
change, urban climate resilience also focuses on strengthening a city’s overall
capacity to systematically anticipate, absorb, and reorganize itself to known and

unknown threats!-**

, which emphasizes the initiative and learning capacity
of urban systems. Although studies mention that BGI can promote urban
resilience by increasing its diversity, flexibility, redundancy, modularization,
and decentralization" ") but questions like where to promote, by what
specific means to promote and to what extent it could promote to are still lack
of scientific exploration, leading insufficient support for applying resilience
theory into planning and design practice. Furthermore, BGI as a Nature-Based
Solutions (NBSs) has been applied in many cities around the world. Therefore,
understanding common problems encountered in application will help clarify
future research directions and encourage the promotion of NBSs.

In view of the above, this research systematically sorts out the role of BGI in
building climate resilience in the key fields of functioning, and explores related
mechanisms through literature review, so as to provide a theoretical reference to
the development of BGI strategies and refined planning and design index systems
for climate resilience enhancement. Additionally, this research also discusses
about the problems in BGI implementation, and proposes countermeasures
from aspects of theoretical development, planning practice, and implementation
and management, in order to gain insight into the role of BGI in climate
adaptation and risk management and provide ideas for building urban climate

resilience.
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AHGAE S5 FH A I PO R 2R 1) S5 IR S5 A I JERE [, 7EWeb of
SciencelZ DA EEHEFEH TR B AR (K1), KR
T fL A

1) BGIZRTI——11 “blue space” X “green space” (HE4kA
B ) . “blue infrastructure” B “green infrastructure” ( i ZRILAlE
i) . “urban park” (3ETTAR ) . “urban waterbody” ( 3{TTKIA )
M “urban tree” 3 “tree canopy” (IRATRIA ) —— LI EMTTER
X A3 W “urban” B “eity” (A1) . “community” (FEIX) |
“human settlement” BY “living environment” (UNEES- DS

2) S ik o E, W “adverse event” ( ANEFHM) |
“extreme event” (H¥iEEA:) . “climate change impact” (S R4k
20 ) . “urban heat island” BY “heat wave” (SHIRFUR) . “flood”
57 “waterlogging” (PKHNBE )
AR .

3) SRR ETM S, W “resilient” 5 “resiliency” (1)
PE) . “adaptation” (i&Eh.) . “disaster” B “hazard” (%KFE) |
“recover” (PKAE ) . “risk” (KUZ) . “response” (MR ) o

RAAEARBL K SCHT ] (BRIN19S04E BARR H ) BT X L ikt
REGRIATIEIAE, TR S (Article) , #HFH NI, BB
TR A AERL SRR R FS, AREIS5 3124530k, HUERR S5 TR
HIWIH20214E8H27H .

“fresh water or food shortage” (JR/K

2 Data and Methodology

2.1 Data Collection

With reference to the search queries structure from previous study, the author
made basic data search from the Core Collection Database in Web of Science (Fig. 1)*”!
with the following keywords.

1) Types of BGI—such as “blue space” or “green space,” “blue infrastructure”

2 <

or “green infrastructure,” “urban park,” “urban waterbody,” and “urban tree” or

%

“tree canopy”—and their locations, such as “urban” or “city,” “community,” “human

settlement” or “living environment.”

% <

2) Climate change and disasters, such as “adverse event,” “extreme event,”

2 <

“climate change impact,” “urban heat island” or “heat wave,” “flood” or

“waterlogging,” and “fresh water or food shortage.”

<

3) Concepts related to resilience, such as “resilient” or “resiliency,” “adaptation,”
“disaster” or “hazard,” “recover,” “risk,” and “response.”

Intersection was conducted to the searching results above, with default setting
on the publication date (1950 to the searching date). The type of literature was
set as Article, and the language English. After eliminating the results of irrelevant
disciplines and deduplication, 5,312 pieces of results were obtained. The results

were retrieved and downloaded on August 27, 2021.

2.2 Qualitative Bibliometric Analysis
This paper made bibliometric analysis of the above datasets with CiteSpace

(5.8.R2). After title relevance screening, a total of 5,311 articles published between

#5 5312 #3 AND #2 AND #1
FEIGIKIE: Web of Science Z£51): ( ENVIRONMENTAL SCIENCES OR SOCIAL SCIENCES INTERDISCIPLINARY OR WATER RESOURCES OR ENGINEERING
MULTIDISCIPLINARY OR AREA STUDIES OR GEOSCIENCES MULTIDISCIPLINARY OR BIOLOGY OR SOCIAL SCIENCES MATHEMATICAL METHODS OR ECOLOGY OR
METEOROLOGY ATMOSPHERIC SCIENCES OR ENVIRONMENTAL STUDIES OR ENGINEERING CIVIL OR GEOLOGY OR FORESTRY OR ENGINEERING GEOLOGICAL OR
GREEN SUSTAINABLE SCIENCE TECHNOLOGY OR ENGINEERING ENVIRONMENTAL OR ARCHITECTURE OR FOOD SCIENCE TECHNOLOGY OR GEOGRAPHY PHYSICAL
OR GEOGRAPHY OR URBAN STUDIES OR PUBLIC ENVIRONMENTAL OCCUPATIONAL HEALTH OR BIODIVERSITY CONSERVATION OR PLANT SCIENCES OR
MULTIDISCIPLINARY SCIENCES OR REGIONAL URBAN PLANNING OR LIMNOLOGY OR POLITICAL SCIENCE OR REMOTE SENSING OR MANAGEMENT OR SOIL SCIENCE
OR SOCIOLOGY OR CONSTRUCTION BUILDING TECHNOLOGY OR AGRICULTURAL ENGINEERING OR DEVELOPMENT STUDIES OR BUSINESS OR ECONOMICS OR
AGRONOMY OR PUBLIC ADMINISTRATION )
Z25|=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC FHBIEEEE =R A

#4 5,780 #3 AND #2 AND #1
255 |=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC BHEIfEE=FTE 55

#3 4,346,211 (TS=("resilient" OR "adaptation" OR "adaptive capacity" OR "coping capacity" OR "disaster" OR "hazard" OR "recover*" OR "resilienc*" OR "evacuat™"
OR ("emergency" NEAR/2 "response”)
OR "risk" OR "closure" OR "congestion" OR "disrupt*")) ANDiE#f: (English) AND SERZERY: (Article)
Z25|=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC B BISE=Fra &5

#2 380,255 (TS=(("adverse" NEAR/2 "event*") OR ("extreme" NEAR/2 "event*") OR "wildfire" OR "urban heat island" OR "heat wave*" OR "high temperature
weather" OR ("cool*" NEAR/1 ("impact™" OR "effect*") ) OR "flood*" OR “waterlogging” OR "microclimate" OR “typhoon” OR (("fresh water" OR “food”)
NEAR/1 "shortage") OR (“climate change" NEAR/1 ("impact*" OR "effect*") ))) AND iE#H: (English) AND SZE#ZE8!: (Article)
225 |=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC BEIfEE=FTE &

#1 170,159  (TS=("green space*" OR "blue space*" OR "greenspace*" OR "bluespace*" OR "green infrastruct*" OR "blue infrastruct*" OR "blue-green space*" OR

"green-blue space*" OR "blue-green infrastruct*" OR "green-blue infrastruct*" OR "green area*" OR "blue area*" OR "green and blue space*" OR "blue
and green space™" OR "urban park*" OR "forest*" OR "vegetated park*" OR "city park*" OR "tree canopy" OR "urban tree*" OR "street tree*" OR "urban
green*" OR "urban vegetation" OR "green park*" OR "green corridor*" OR "grass-coverd" OR "tree-covered" OR "river*" OR "urban waterbody" OR
"wetland*" OR "stream*" OR "lake*" OR "channel*" OR "reservoir*")

AND TS=("urban" OR "city" OR "community" OR "human settlement*" OR "living environment")) AND &7 (English) AND 3ZEiZEE: (Article)

225 |=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC FfBlfeE=Fra s

pdre2)

— ©FE, X,
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Jei s A 51 SRR SR R ) SCRRIEAT 16 /5 99 e ) i 2 FRR AT B F) AH 5 3
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H L VLB GIFERE AR S0 53 01 vt B TRt e LA PR 1] L 73 Ar 7
73, PR B R S SCHR R S S RIS | 45 1) il b AT T 4
BLPRRA AER , LAEREAS AT B A I 5 1 [

3 BGDMWAITERITEH

3. 1 e

WG XS SCHRAE HEA T 3 5 1 o3 B, B T80 R R — 4 — 43 %0, 7 8
FAVEPERL G SR, SR SR E e dibn (k=25) , HALSHIH
BRINMHE . M2 4 WS FPathfinderd® & 85 500 - S A IFE B4, DA%
LR L5 R . B a3 R 487459 51 SCRkTT A, 2 4014717
L. ZHEMAVITE, B2 URR THI2045 5 05 | 30k

PANEE20] I, A N 45 S 35 Sy W i ) T AR 54, U Sk v A7 A
e T FML o DX SR M AT R B SR B2 AR R (A
3) , RANYBIHE AR ECQIE FIINAS Y- X2 56 B 1 46 B STE 43 51 90.9369 1
0.9661, FHIRILEH BE ALRAH, ECitespace I HEAEAY SCRik
B KT 5009 NS, 458 TR SCER TR EO R AUAR A 42 L
IR IR DL B RIS I B 5 | STHR N, A B S SRS T 4 A 44y 1
RFE, 43500 “Widkes” “ERRAR
HYK” (forest wildfire ) . “WMgF-HI 1T} (sea-level rise) . “HlTliE
IRHIR”  (urban high temperature and heat wave ) Fl “NBSs” (1) .
TR T A I PG AT BN Ry S H TS B G AR DG A s B P 5 b e 320
TERYPUZR XU, o BB G I AU 0 A4 G BV s, A XU 327
b, ST ST R B e L SCRRT Y R (20084 )
A AE AR TR, X3l i b XU 2 42 R il e 2 B i
BESCTEMTE A, AR B A T A )6 (20164F ) 1 BRAR A A Ji R ]
e “RILBIME”  (flood resilience ) MM HRAT7F 9 45 B4R 2 51 HY

(urban flood and waterlogging ) .
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1991 and 2021 were retained for bibliometric analysis. The literature co-citation
analysis function of CiteSpace can cluster literature with strong co-citations via
different algorithms, and then name the literature clusters with the extracted
nominal terms from the titles, keywords or abstracts. Each cluster’s name can

be considered a frontier research interest in its corresponding subfield*'. By
analyzing the clustered literature, the research extracted the key fields where BGI
plays in climate resilience, i.e. key fields of functioning; Based on the review of
the citing and cited articles of the clustering literature, the specific impact of BGI
on climate resilience in key fields of functioning, as well as the problems found in
BGI practice cases were summarized. Further review and supplementary search
were conducted on the existing literature dataset and the co-citation network, for

better understanding the specific problems in current research.

3 The Role of BGI on Climate Resilience

3.1 Identification of Key Fields of Functioning

The co-citation analysis was carried out on the literature dataset with annual
segmentation for Time Slicing, Cited Reference for Node Types, g indicator (k=25)
for Node threshold extraction, and default values for other parameters. After
the network was generated, Pathfinder was activated to crop each slice and the
merged network to highlight important network structures. Finally, 1,487 citation
nodes were obtained with 2,401 connection lines. Figure 2 shows the top 20
highly cited articles.

As shown in Figure 2, overall, the co-cited network presents a prominent
cluster structure, indicating several common interests of research. The network
was further clustered and gained 22 subclusters (Fig. 3). The Modularity Q
and Weighted Mean Silhouette S values of the clusters are 0.9369 and 0.9661,
respectively, indicating significant clustering structure and reasonable results”®"’,
From the 8 major clusters recognized by Citespace with literature counts greater
than 50, five topics were identified after reviewing the clustering tags extracted
by Latent Semantic Indexing (LSI) and Long-Likelihood Ratio (LLR) algorithms
and the highly cited literature in the clusters. These topics were named as

2 «

“urban flood and waterlogging,” “forest wildfire,” “sea-level rise,” “urban high
temperature and heatwave,” and “NBSs”, respectively (Table 1). The former four
topics could be considered current risk categories with the most attention in
BGI research related to climate resilience, i.e. the key fields of climate resilience
BGI is contributing to. Among the four topics, urban flood and waterlogging
has the earliest average publication year (2008), suggesting that in the context
of climate change, coping with urban floods has been a worldwide concern for
a longer period of time, while the recent attention re-rise (since 2016) may be
related to the broad discussion about the concept of “flood resilience” in the
field of disaster management*”, In addition, the average publication year of the
articles under the topic of NBSs is 2016, indicating that BGI, as an integrated,

nature-based approach responding to the challenges in sustainable development,
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has also become a research and practice hotspot in recent years.

It should be noted that in the articles under the topic of forest wildfire, the
involved BGI terms (mostly forest) are not related to BGI’s role in mitigation and
adaptation to disasters—only mentioned as the places where disasters occurred.
Thus, this paper simply presents this topic as a field closely related to climate

change, which is not included in later analyses.
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F1: HWSINERREREEER
Table 1: Literature clusters under the five classified topics in the co-cited network

E 21 BES |\ XHEE | BBE FHRFRER
Topic Cluster ID Size Silhouette Labels Average publication year
HKGEMGIE; HKGEMEE; WMiTHKREE; #iR5%
0 88 0.975 Flood susceptibility mapping; flood susceptibility modeling; urban 2016
WS flood risk; urban waterlogging
Urban flood and
waterlogging SEMMS - INRER; RAIFR; AH
7 51 0.963 Integrated socio — environmental framework; case study; human 2008
population
B BiARRET; Seith- R S BERK; T EESNE;
[ESEEeR
1 70 0.957 2010
Southern California; fuel break; wildland-urban interface; house loss;
land management practice; national forest
FRREF K
Forest wildfire 5 56 0.966 ﬂt‘:P.i’E_ti’fﬂlz: ZRET* _ 2013
Mediterranean area; multiscale approach
Jo k=g 3
6 54 0.932 HREE: SREA® 2009
Fuel treatment; multiscale approach
BEELEFH ) 40 0.95 BEE LT KRB KFIERIT; MREFEN 2013
Sea-level rise Sea-level rise; flood risk; water-based sector; socio-economic change
WHTEEHUR W, WHHRA; KEEMRE; KEET; £XREE; BRE
i 2. RETIT
Urban high 3 " 0.951 z; Jjﬁiﬁkﬁ?ﬁ_m _ 2014
temperature and Urban greening; urban forest; green infrastructure; green roof; global
heatwave warming; adaptation approach; tackling urban overheating
ETERNMRITR 4 57 0.965 ETARNMRTTER; RORFEIE; WGk 2016
NBSs ’ Nature-based solution; lacking disaster data; urban growth
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3.2 Analysis of Key Fields of Functioning
3.2.1 Enhance Resilience to Floods

Global climate change is closely related to fluctuations of precipitation and
flood events. According to the estimation by World Resources Institutes, globally
758 million people will be exposed in 100-year flood zones by 2030*"*%, In
addition, urban waterlogging caused by heavy rainfall or continuous precipitation
has resulted in severe loss of life and property in many cities worldwide every
year™*! Coping with flood and waterlogging risks has long been critical to urban
sustainability.

(1) Reduce flood impact through interception and absorption of rainwater

A number of studies prove that the permeable surface such as detention
ponds, permeable pavement, rain garden, river corridor, and urban woodland can
effectively absorb and store rainwater, and vegetation canopy and roots can help

with runoff retention*”**

, reducing runoff and flood peak flow at site, community,
and watershed scales”™” ™", For individual BGI measures, sunken green spaces

and healthier or denser vegetation can more effectively detain and store rainwater
runoff*®? At landscape scale, spatial configurations of landscape (i.e. the size,

shape, isolation, and connectivity) potentially impacts runoff reduction: larger,
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less fragmented, and more connected BGI patterns likely to mediate the average
annual peak runoff®”. For example, a study on Guangzhou and Shenzhen found
that when the area proportion of BGI at watershed scale is 24.4% and 72.1%,
and the area of BGI patches is 1.9 hm” and 2.8 hm?, respectively for the two cities,
the mitigation effect of urban waterlogging would reach the maximum. It means
that in metropolitan areas with land shortage problems, land resource waste can
be avoided by analyzing the size threshold of BGI effectiveness on waterlogging'>.

(2) Provide alternatives to centralized stormwater infrastructure

The introduction of decentralized, modularized BGI can reduce the city’s
reliance on centralized stormwater infrastructure. However, as the intensity of
the storm increases, the performance of some BGI measures on runoff reduction
will become unstable. Diversified configuration of different BGI measures can
enhance the overall performance””. Simulation research shows that in single
intensive storm events, integrated BGI configuration can reduce the total runoff
at community scale by 85.0% to 100% and peak flow by 92.8% to 100%""".
Furthermore, for the overall urban drainage system, the combination of grey and
green infrastructures can make the city less vulnerable to catastrophic failures and
easier to cope with climate change and uncertainties!”""*'"*! Research reveals that
different BGI measures present differences in spatial autocorrelation and spatial
cluster results in terms of the magnitude and duration of sewer flooding and
combined sewer overflows"*, demonstrating the need to consider their spatial co-
efficiency with the original drainage facilities in BGI planning cases.

(3) As post-disaster shelters to connect with socio-ecological systems

From the perspective of social system recovery, past disaster events evidence
that public green space, squares, and other public open spaces have significant
potential to contribute to disaster management as shelters to rescue and agents
of recovery, and to provide essential life support and adaptive response'””. In
addition, some studies emphasize that reserved open spaces as flood prone areas
can be potentially converted to public open spaces promoting wildlife habitat and
recreational activities””**.. Moreover, planning and design of BGI as public open
spaces should consider the diversity of the services that these BGI can provide,
balancing the needs of emergency management and recovery as well as the daily
urban life””. Most importantly, BGI must be closely linked to the socio-ecological
systems by building a network of service flows so that the feedback between the

two systems can be strengthened.

3.2.2 Enhance Resilience to Sea-level Rise

It is predicted that the population living in the low elevation coastal zone will
increase to 71% by 2050""). However, extreme weather events caused by climate
change and sea-level rise (including floods, tsunamis, and storm surges) and their
indirect impacts on ecosystems and socioeconomic systems have brought huge
hazards and risks to coastal regions all over the world”*"!, It is imperative to
adopt effective strategies to mitigate natural disasters and improve the resilience

of coastal areas.
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(1) As coastal buffers against tsunamis and storm surges

Studies with field observations and mathematical/numerical models found that
coastal vegetation, including coastal trees, mangroves, wetlands, seagrasses, and salt
marshes, can mitigate coastal erosion and stabilize shorelines*”. Specifically, coastal
trees and mangroves are well known for their attenuating effect on extreme waves.
The length of a forest in the streamwise direction, the size and density of trees, and
the undergrowth are critical factors to tsunami energy reduction"?, As dense
canopies and foliage can cause the energy loss of turbulent flows, coastal forests
can substantially reduce damage during hurricanes through wind attenuation"*!,
Research suggests the exact rate of wetlands on wave attenuation varies by
wetland type, wind speed, storm forcing, elevation, the surrounding landscape,

W61 Eor coastal areas of moderate

waterbody connectivity, and vegetation
sea level rise rates, the use of seagrass meadows would be effective to attenuate
breakwater overtopping”*”. Research also evidences that coastal vegetation,
including mangroves and salt marshes, would counteract sea level rise by trapping
and retaining sediments, and a mix of species would yield a higher efficiency of
sedimentation than using one species alone /-3,

(2) Provide alternatives to coastal engineering protection measures

Since the mitigation potential of coastal vegetation declines with age due to self-
thinning (decreased density) or tree crown height exceeds the tsunami water depth,
there is a need to increase the redundancy of coastal ecosystems against shocks by,
for example, introducing heterogeneous forests'*'!**, Additionally, BGI also has
requirements on spatial conditions. For instance, studies found that the range of surge
attenuation rates of wetlands is 1 m per 60 km to 1 m per 4 km"”, suggesting that
coastal wetlands’ ability to significantly reduce the energy of storm surges is still not
clear. Nevertheless, more and more coastal protection projects combine ecological
solutions (BGI) with engineering structures (grey infrastructure) to mitigate the

B39 especially in cities with limited shores spaces.

impact of extreme weather events

(3) As aids for disaster evacuation

In terms of social system response, coastal vegetation, as bioshields during
extreme natural events, demonstrates its great potential in extending disaster
avoidance time. Therefore, vegetation buffers (e.g. mangroves with dense foliage
and roots) in front of human settlements should be reserved””. In contrast, keeping
dense vegetation behind settlements would endanger human lives and increase
structure damages. Research also proves that vegetation, especially low broad-
leaved trees with large diameter branches, can reduce the secondary damage from
disasters by trapping building debris, and help people escape, climb, and make soft

landings!*!1#211¢%!

3.2.3 Enhance Resilience to Heat Waves

In recent years, adverse trends in the frequency, intensity, geographical, and
temporal spread of extreme heat caused by global climate change have already been
observed®", and the predicted extreme temperatures are magnified due to the urban

heat island effect'®”. Heat stress is now an accepted urban climate risk'®’.
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(1) Provide cooling effect and relieve heat stress through evaporation,
transpiration, and shading

It has been found worldwide that vegetation and water bodies contribute
to alleviating urban heat island effect and urban overheating'®*'*”’, BGI affects
urban microclimate by changing the heat flux of urban surface mainly through
evaporating of water bodies, as well as transpiration and shading of vegetation'*®.
Simulations for various urban contexts of different geo-climate zones report that
the observed reduction in ambient temperature beneath tree canopy ranges from
0.7 °C to § °C!®I7IS8I A meta-analysis on the cooling effect of parks shows that, on
average, a park was 0.94 °C cooler in the day, and 1.15 °C at night'*”. BGI not only
can serve as an urban “cold island,” but also brings cooling effect to a certain area
around it”""""!, In addition, a study has the cooling effect exceeded 300 m from the
edge of the green area during the day and reached 200 ~ 300 m during the night”!,

Furthermore, studies have suggested that the thermal regulation effect of
BGI is closely related to its land cover composition (type and vertical structure),
configuration (pattern and shape), vegetation quantity, and maintenance level

)[61[271[73J

(irrigation 741 Tt is accepted that the larger the size of the blue-green space, the

stronger its regulating effect, but there may be a threshold value of efficiency (TVoEs)

[BI781 For example, a

above which its cooling efficiency per unit area may decrease
simulation study on typical urban neighborhoods in Hong Kong reveals that when
tree coverage ratio reaches 20% to 30%, the optimal cooling efficiency of trees
were achieved””. In another study case on cities in the Pearl River Delta, TVoEs
of water body patch size were 0.49 hm?*, 0.55 hm*, and 0.70 hm” in levels of local
socioeconomic development as low, medium, and high, respectively”*.. Comparing
green spaces with different vegetation types/community structures, it was found that
tree-dominated green spaces outperformed grass-dominated green spaces in terms
of the magnitude and distance of cooling in summer or warming in winter'””, The
cooling effect of BGI is also affected by factors such as location, surrounding built
environment, and local meteorological conditions. For instance, downwind areas of
parks, rivers, and lakes can obtain more cooling benefits than upwind areas”"""”1*,
(2) Provide alternatives to cooling measures
Multiple types of BGI cooling measures can lead to complementary or synergic
benefits. For example, open grassed areas in parks may receive a large amount
of solar radiation during the daytime that may offset its cooling effect through

transpiration'®"*”!

, where the sensible heat conversion can be increased by combining
with waterscapes (e.g. fountains) to decrease the air temperature®’. A study found
that the air temperature reduction of a waterfront forest was higher than the sum

of the separate forest and water terms in the daytime®!. Meanwhile, BGI sees
drawbacks despite its outstanding cooling potential. For example, BGI would
become a “heat island” at night"*"; during extreme temperatures, the cooling effect of
vegetation would decrease due to the stomatal closure of leaves, and the emission
of BVOCs (biogenic volatile organic compounds) of vegetation would resulting

in air pollution'®'. Hence, other cooling measures need to be used in combination

with BGI.
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(3) As cooler environment to escape from heat waves
As open spaces, BGIs are urban shelters against heat waves that can strengthen
visitors’ physical and mental resilience, until being adapted to local hot and dry

16411861 Stydies on thermal comfort and environmental behavior found

conditions
that such shelter places need to provide diverse microclimatic conditions—open,
sun exposed, sheltered, and shady spaces—to adapt to different usage needs and

[871

changing climatic conditions®”™®!, Consequently, the accessibility and availability of

BGI should be considered to optimize spatial layout from the perspective of equity

and sustainability in planning practice’®”'”".

4 Problems and Countermeasures in the Application of BGI

Despite the great potential of BGI in promoting urban climate resilience, some
scholars have conducted studies in recent years to analyze the applicability and
future challenges of BGI as an NBS in climate change adaptation, and pointed out

that there still exiting many problems in its application.

4.1 Existing Problems
4.1.1 Lack of Data Support to BGI Functioning Mechanism

Current knowledge about the role of climate resilience of BGI, whether with
measured data or through model simulation, is mostly acquired from discrete
individual cases. Considering local differences and the uncertainty of climate
change, the accumulation of diverse local cases remains an important prerequisite
for analyzing the functioning mechanism of BGI. The current academia pays more
attention to improving the internal disturbance resistance of BGI systems, but the
common overestimation of their biology-physical capability to be addressed with
future efforts. Furthermore, the contribution of individual BGI measures to climate
resilience building is limited, and the effectiveness is determined by the intensity
of disturbance and the amount, location, material, and use pattern of specific

P13 While combining different measures can better ensure the security

measures
of the systems, the related data is still insufficient to inform detailed configuration
schemes that support functional redundancy to balance the needs for urban security
and economic growth.

Furthermore, the assessment of urban resilience should examine not only the
loss of system function after disturbance, but also the recovery speed of the system
function. Further empirical research is required on whether there is a correlation
between the adaptive and self-organizing characteristics of BGI and the recovery of

system function, and on whether it can contribute to accelerate this recovery.

4.1.2 Lack of Comprehensive Assessment on Ecological, Social, and Economic
Benefits

Although BGI solutions hold the advantage in multi-functionality, it is
frequently researched and implemented from the perspective of a single benefit!",

which would affect investors’ understanding and decisions on multi-functional BGI

017



PR R S R, (B ZBR T AP T T, A kA IR 2 A0 2%
S A SRR BT R R A A 45 S AV R S U I
—J7 T, BGIIFE 2 A 250 i 78 45 bRk ORI i e s v B2 _ A7 £ EE KA
HEPTN e g aEABE AL . A R AR E YR, BT I Ak
PG S5 iE,  F R LR Z X B G LA v i) AP R 25 A DG
Z 5B T, JC kA S A T AR R ] R 5
J&, SEARCIEAE RS T8

4.1.3 MELABRAS PSR 35 A ARXS BCLR Uy R (5 AT

AR FHAR PRI, A2 FBOA T /TR AR A AR b 1 1 55t
HEATBCI Py ZE MG AT AR O — g MR A R, F AR
JRUIG: 5% 75 1 X1 B ARTA A B G X ZEN BS s 78 FAR XU 7 Tl AR AS i 45
(A HE AR A ey VO SORRE O M B Z BR TR E T AT X AU
AT E A PER R, B2 MR T X 20 H S R Re s e £
ARG 22 (AU | 72T A b X A5 0 S Bt AT A Pk 4 B R
XGNPl SRS E B AL o2 B 9 T B AR AN B MARAR 1k
PRI TR L FE

4.2 BLXFSRNE
4.2.1 BT RGN IT L YL VT

T X S 2 BOSR T BR G, ARBTG5 B MR B — B i ) S RO
i RB| ZEER SER (ARIBCHAIE) « RES R (WK IR
BSBGL) | R GIMBIRE A (AT R 5 AURAE ) Z AR
HAFFRRRVBARE O . L RGMEIIATHELL, R ToRIR . AR
N R T ISR E NS RS TS 0/ R VWL S L LY € LT/ EN v SN T
(EESHINEISHPS RS

BG L& — A A A i B Al B, nT DUAE % TR b A AH G
VNI, XFBGIRRIMEAL VR IR IT B8 24 EEBETE . A FTE R T3
PER DU IE——F2 M (robustness ) . JURME (redundancy ) . Sud
P Crapidity ) . BEEPE (resourcefulness ) (D—’FEU/THETJ‘E@?;[\VK (S

O REURERS (X, ZREFEBSTRT, TE) ASSEKFNEHTAE
ZIRWEFEAIENBENRED, TAMETRAESARE LFETERNE, B

AEZ T BN EERREN RABRGKMET BMTIRHIRSAIGEN; REEAE
RENATRMASSEIABREBRESIRA . BEEETHAED; RRMERN
REAFREEMYIERFHRIRFTE . BERLRFMNFNEROGED (KR: &2F

SZRR[106])

(D Robustness refers to the strength or the ability of elements, systems, and other
units of analysis to withstand a given level of stress or demand without suffering
degradation or loss of function. Redundancy refers to the extent to which elements,
systems, or other units of analysis exist that are substitutable, i.e., capable of
satisfying functional requirements in the event of disruption, degradation, or loss
of functionality. Rapidity is defined as the capacity to meet priorities and achieve
goals in a timely manner in order to contain losses and avoid future disruption.
Resourcefulness means the capacity to identify problems, establish priorities, and
mobilize resources when conditions exist that threaten to disrupt some elements,
systems, or other units of analysis (Source: Ref. [106]).
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measures. Many scholars have focused on the potential synergies and trade-offs
brought by BGI in responding to climate risks”, most of which, however, center on
ecological environmental benefits, such as flood and heat island effect mitigation”,
air quality improvement, and carbon sequestration”, with few discussions from
economic or social perspectives. That is because, on the one hand, there are
significant difficulties in identifying appropriate indicators and metrics for the
social-ecological benefits of BGI®””® which are difficult to monetize and of high
uncertainty, or require long-term monitoring””; On the other hand, few studies
considered issues of equity or stakeholder participation in the development of BGI

96][100]

strategies! , and it is challenging to clearly define stakeholders and the conflicts

among them, often leading to impractical existing assessment results.

4.1.3 Difficulty in Gaining Confidence From Decision-Makers and the Public in
BGI Solutions

Rather than technical challenges, socio-political barriers may more significantly
impact the implementation of BGI solutions in the climate change adaptation!*""%,
For example, some social surveys have found that nature-risk exposed residents
prefer technical solutions over BGI, as a NBS, as the latter were perceived as less

103194 This lack of confidence comes from people’s

effective in reducing risks
concerns about technological or engineering uncertainties in risk management, and
largely, from doubts about whether such projects can be well coordinated across
multiple agencies, implemented broadly, and maintained sustainably''””. Under such
circumstances, it is clear that the support of policy-makers and the public cannot be

gained simply through educational or economic incentives.

4.2 Countermeasures
4.2.1 Encourage Multi-Perspective Systematic Research

In the face of complex urban systems, future research needs to expand from
performance evaluation on single interventions to holistic evaluation that considers
the interactions among elements (different BGI measures), systems (e.g. gray
infrastructure and BGI), and systems and external environmental context (e.g.
urban systems and climate change). The establishment of a systematic analytical
framework that integrates hazard sources, potential impacts, specific interventions
on urban systems, and expected effects is encouraged to better inform related
decision-making.

BGI is living urban infrastructure. With reference to existing methods of
engineering resilience evaluation, it is possible to make multi-perspective research
on the role of BGI in resilience building. The “4Rs” in the concept of resilience—
robustness, redundancy, rapidity, and resourcefulness”—have been used in
scenario simulation studies to develop strategies of green infrastructure planning
responding to flooding™ and resilience improvement plan for natural disasters in a
coastal area''””!. Resilience level is defined in a study as the ratio of the anticipated
performance of recovery to the desired performance, which was used to establish an

[108

overall resilience system for communities''**. Other scholars proposed a resilience

VOLUME 9 /ISSUE 6 / DECEMBER 2021



il B AR NS 22, AT TR I b DX T O A T A SR
T A SCRIMEAKCT S B DI REIK S H AR AR S Y LU (E
DA A 7 A DR R Y BIME AR R A 2 3 I A k] R ST B £y
JERR T ax @R B AR B, R R AAL . A
TR SRR 1 YRR R OCH B G TR G AE M M o 1 5
HEERF AR DIRE R I AE Sy, LR 97 S A HIE v DR B 2 A2 T BE Y
BEJT, AR A= Rk 22 RGETT AR TR BOMEINEL . S5t i

4.2.2 T o) M a1 25 T e PP AR BT
NBSHE—Fhfeist 2 — 20 — IR T Rrge R R 30, b, 1EM
FIE/RNBSs 3 Al F 25 2 — 0 24Pkl . % TBCILEA Z A A
B A IR L Z R AE S R GRS, IR AT LA B R GRS
Z 1A A E R RRCAE G 2 S5 HET LA T A 2 PR AR, &, #ET — N
F 2 HARPPMM AR R A28 G BRI, LA A 76 AR [R) RUEE RIATUE B G T
AT R € SR S ey | E2e) Y i 8 = S A i R R 7 D)l 2

P

1790,

4.2.3 BT RIMEDLHIH SR ot

IR KRR B G DN A BV E IR M BE , AR LRI 5 763
Mo RUEE 1% FEANRBG T IR . TE 25 AN [ A A 5 T %ok AS [ e 1y i
WRE ST, AT L X B R AR TR DG T B G IRUBSE R i 5 T B B (A0 . 45
4 1 07 3 ST AR B A B G | BRI £ B 14 € X 401 RG34 o8 R
Geat sz TR S Oh S K RO, FB G e T A KU 45 3 1
BV AT N RS AL L S A2 ] USRI B RO BT
HA RAFH R M, 5HALR Fwm G (kg s . RE B R
8¢ ) FMFFAS AHER:, WS IREE | Btttk
BGIAi J&

4.2.4 B VA A3 N S S

FEBUIA PR PR T B G Uk P 28 76 42 Th 3 17 A5 90 M Dy v 144 i
FH, 2805 FUAT RE A T4 A% G0 (0 i T A AN BRI 9 QB R, Al
BRI ST, N & R AT AR R STAT ISR A R A i, %
&, DL BT R R IE A A RIS W amEY], HA
FEXTHE AR FRT AN . AR RE R L T R A7 A A 1 R
T, AH A REINTRBGIF Yy SR AHE) R B IR S B BGIRY UM AL 25

SVt /162 LANDSCAPE ARCHITECTURE FRONTIERS / PAPERS

design paradigm of urban green infrastructure from the perspective of whole-
design-process management, highlighting the self-organization, self-adjustment,
and evolution by learning of systems'””. Multi-perspective research should focus
on both the inherent power of systems to keep its basic functions in the process
of absorbing disturbances, as well as the ability to rapidly reorganize and restore
functions from disturbances, and the response, feedback, and adaptation of urban

ecological and social systems after disturbances””'.

4.2.2 Conduct Assessments on Co-benefits

NBS is a means of sustainability with social, economic, and environmental
benefits. It is challenging to analyze, evaluate, and demonstrate the co-benefits of
NBSs. Given that the essence of BGI’s multi-benefits is its ability to provide diverse
ecosystem services, the synergies and trade-offs among ecosystem services can
be combined with supply-demand equity studies, establishing a comprehensive
planning model with a multi-objective evaluation system, which can examine the
potential ecological, social, and economic benefits of BGI solutions at different
scales and in varied domains, thereby encouraging climate resilience actions with

co-benefits.

4.2.3 Plan and Design Based on Resilience Mechanism

In planning and design practice, to maximize the effect of BGI on climate
resilience, the size and form of individual BGI measure and the absorption
capacity of different plant combinations for different disturbances should be
considered; The size impact and area threshold effect of BGI should be valued
from neighborhood to regional scale; An interconnected BGI network and
properly planned green hubs and corridors should be established to boost the
recovery efficiency of systems after disturbance or attack, and highlight the
critical role that BGI plays in urban climate risk management. By improving the
accessibility and connections with other disaster response actions and resources
(such as relief supplies and disaster warning systems) and open spaces, shelters
should be able to provide diversified and flexible spaces to meet both daily life and
disaster needs, while optimizing BGI layouts to address related hazards, exposure,

and social vulnerability.

4.2.4 Establish Innovative Systems for BGI Implementation and Management
For the socio-political factors that limit the application of BGI solutions in
improving urban climate resilience, innovations should be made to reform the
traditional urban governance and management systems. Specific measures include
clarifying the responsibilities of departments—providing favorable conditions for
the development of accountability systems and collective responsibility systems,
adjusting incentives, and introducing new funding sources and public—private
partnership modes. Can BGI solutions be promoted at a faster pace to achieve
expected benefits only if technological innovation, system reform, standard

preparedness, and supervision measures are all in place.
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5 Conclusions

This paper uses CiteSpace to identify the cutting-edge topics about BGI and
climate change, and finds that BGI helps enhance urban climate resilience in
responding to urban floods, sea level rise, and high temperature and heat waves.
The research specifically analyzes the role of BGI on urban climate resilience in
these key fields of functioning, and summarizes that the common functioning
mechanisms include the bio-physical properties of BGI, forming modular units with
other infrastructures of similar functions, and the reliance on networked structures
to help the system restore its physical functions and social connections as quickly
as possible after disturbances and attacks. In practice, the type, size, and location
of BGI should be carefully designed or selected based on the disturbance type,
intensity, etc. Besides, the connectivity, diversity, and accessibility of BGI need to be
valued as well.

This paper also analyzes possible obstacles that hinder the promotion of BGI
solutions: the lack of data support to BGI functioning mechanism, the lack of
comprehensive assessment on ecological-social-economic benefits, and the difficulty
in gaining confidence from decision-makers and the public. Countermeasures may
include conducting mechanism and evaluation research on co-benefits from a
systematic, multi-dimensional perspective, guiding planning and design practices
by exploring the resilience-enhancement mechanisms, introducing new funding
methods, and facilitating collaboration across departments and stakeholders.

Subject to the data collection strategy, this paper mainly discusses the
contribution of BGI to building urban climate resilience in terms of physical
systems. Future research is expected to incorporate its role in promoting
social resilience (e.g., restorative greening practice, post-disaster community
reconstruction, and psychological recovery), so as to provide a more comprehensive
and sounder basis for BGI solutions in building and improving the overall urban
resilience. In addition, this research only discusses three types of climate disasters,
issues such as air pollution, drought and water shortage, biodiversity, and human
health need to be included in future studies to enrich public awareness on BGI as a
pathway to enhancing climate resilience.

In future, cities will continue to grow in size, population, and complexity, which
will increase their vulnerability to extreme climate hazards. It requires cities to
respond to such risks more quickly and effectively to reduce losses. By building or
strengthening climate resilience of urban systems, the human society will be better

prepared for future climate change and other uncertainties. LAF
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