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Abstract: The urban water supply system environment is becoming more complicated and unpre-
dictable than ever before in the context of global climate change and expanding urbanization. Ex-
isting studies have adopted either static or dynamic approaches to assess the resilience of water
supply systems without combining the two. Previous literature mostly establishes rigid quantita-
tive metrics for resilience assessment, often without depicting the dynamics and adaptability of
system resilience. For example, these studies usually fail to provide a critical point for identifying
system resilience. To accurately describe the dynamics and adaptability of water supply system
resilience under uncertain scenarios, in this study, we constructed a comprehensive framework
based on the qualitative assessment of the input parameters, combining static and dynamic as-
sessment, with the latter playing a dominant role based on the system perspective of pres-
sure—state—influence-response. Taking Qingdao as a case study, we combined this framework with
the system resilience theory, and statically assessed the five types of capitals and three attributes of
resilience with the capital portfolio approach (CPA). Then, we dynamically assessed the resilience
of urban water supply systems and identified critical points with the dynamic socio-technical
model coupled with system resilience and the fitting analysis method. The results are as follows:
(1) the static assessment results demonstrate an imbalanced development in the levels of the five
types of capitals (financial capital, management efficiency, infrastructure, available water re-
sources, and adaptation) and three attributes (robustness, recoverability, and adaptability) in the
water supply systems of Qingdao. (2) The dynamic assessment results show that the current resil-
ience trajectory of the water supply systems in Qingdao is that of a city in transition. (3) The fitting
analysis shows that robustness (RB) has a linear relationship with resilience, recoverability (RE) has
a non-linear relationship with resilience, and the critical points are RB = 0.70 and RE = 1.20. The
research findings provide a reference for studying resilience mechanisms, internal attribute rela-
tionships, and resilience enhancement measures of urban water supply systems.

Keywords: uncertain scenarios;urban water supply system; resilience assessment; critical points

1. Introduction

The current scientific consensus is that, under the background of global climate
change and rapid urbanization, the future of extreme weather events (for example, ex-
treme temperature, continuous drought, extreme rainfall) may increase in intensity and
frequency in the urban environment, becoming unprecedentedly complex and uncertain.
As such, the water sector should assess the safety and resilience of urban water supply
systems under multiple simultaneous extreme events [1-4]. Coastal urban water supply
systems are not only faced with the huge internal pressure of population growth, but also
with increasing external disturbance events, such as seawater intrusion, saltwater intru-
sion, and storm surges. During extreme climate events, a variety of compound and su-
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perimposed disturbance events aggravate the security of urban water supply facilities [5].
The excessive groundwater extraction in many coastal cities due to insufficient surface
freshwater resources has led to ground subsidence, and water quality is susceptible to
seawater intrusion, which further deteriorates urban water supply security [6]. For ex-
ample, California’s coastal aquifers are already under pressure due to excessive water
extraction and sustained and severe drought. The main cause of the saltwater invasion of
the freshwater aquifers in the coastal California region is groundwater overruns, espe-
cially in Southern California. A clear example of complex interactions on the urban scale
is the issue of land subsidence. The over-abstraction of ground water in many coastal
cities, most notably Jakarta, causes subsidence, resulting in increasing coastal, fluvial,
and pluvial flood hazards, and water quality is affected through saline intrusion. Lack of
good-quality surface water, inadequate investments in and governance of water supply,
and poor enforcement of ground water pumping contribute to worsening urban water
security [7]. Therefore, coastal urban water managers need to consider a variety of event
scenarios to be able to analyze and evaluate the safety and resilience of urban water
supply systems under complex and variable extreme scenarios in the future.

Cubillo and Martinez-Codina [8] used the resilience curve to quantitatively assess
the resilience of urban water supply systems under drought, pipeline fracture, and water
pollution. Balaei et al. [9] found that the resilience index of water supply systems is a
comprehensive index, which should include the technical, organizational, social, eco-
nomic, and environmental dimensions that may affect the system performance under
natural disasters. Joannou et al. [10] applied the SOS model to the resilience assessment of
a water supply network during floods, identified the vulnerable parts of the system, and
discussed the adaptive capacity of the water sector from multiple perspectives. Rehak et
al. [11,12] argued that the resilience of critical infrastructure systems is determined in two
basic areas: technical and physical protection and organizational management. The sys-
tem resilience of the former is called technical resilience, which is determined by the ro-
bustness and recoverability of system elements. The latter is called organizational resili-
ence and relates to the ability of system elements to adapt to changes. According to the
study by Krueger et al. [13], the security resilience of a water supply system refers to its
dynamic behavior in response to shocks. Dynamic responses require several kinds of in-
teracting capital, whereas the actions taken by human participants are considered adap-
tive management that mobilizes available capital through capital robustness.

Zhao et al.[14] studied the recovery strategy of water supply systems under sudden
water pollution events and established a model for the optimization and selection of the
recovery strategy. The findings show that reasonable strategy optimization and selection
can effectively shorten the emergency recovery time and improve the recovery capacity
of a water supply system. Li et al. [15] constructed a lifeline system resilience assessment
system with two dimensions, technology and organization, and comprehensively as-
sessed urban water supply network resilience in these two dimensions under earthquake
disasters. Liu and Huang [16] constructed an index system for evaluating the resilience of
urban water supply systems, reflecting three dimensions of the system: absorptive ca-
pacity, adaptive capacity, and recovery capacity, and visually assessed the resilience of
the water supply system using GIS. Liu et al. [17] evaluated the resilience of the water
supply system of Qingdao, China, under the situations of flood and drought, and de-
scribed an improvement strategy.

International scholars have studied the resilience of urban water supply systems.
Since 2016, the number of studies and cited frequency in the relevant literature have in-
creased rapidly. The static assessment method, based on the comprehensive assessment
index of resilience, and the dynamic assessment method, based on the dynamic curve of
resilience, have been used. The related research has mainly focused on environmental
science and ecology, water resources, engineering, and science and technology, with few
studies in the field of urban research. Related domestic research started later, and most of
this literature is in the preliminary, theoretical stage. The number of studies is small;
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primarily single assessment methods have been used; the assessment index is rigid, with
a single-dimension focus; the assessment model is difficult to apply in practice; and em-
pirical research is rare.

At present, regarding the study of risk and uncertainty scenarios, most of the liter-
ature mainly establishes a quantitative index of rigidity for resilience assessment, and the
assessment method is relatively simple. If an index value corresponds to a specific resil-
ience value, the index is defined as a rigid index. The resilience of the system varies with
a rigid index. If the index value changes within a certain range, the system resilience
performance is the same, and the index is defined as a soft index. For example, the pa-
rameters of water supply system collapse studied in this paper are not unique.

Rigid and soft indexes are proposed for the first time in this paper. No definitions of
the above indexes exist in prior studies, so there is no relevant reference. Therefore, en-
riching the connotation of the two concepts is the focus and difficulty of our future re-
search. As an example of a rigid index, Bruneau et al. [18] constructed a resilience curve
function where the system resilience varies over time and each specific time point has a
specific resilience value. Due to the interdependency and complexity of the connections
amongst subsystems in the water supply system, rigid quantitative indexes usually
cannot accurately describe the dynamics and adaptability of socio-technical systems,
which are crucial to the recovery of system performance [19]. If resilience is defined in
terms of performance, resilience is not just something that the system has, but something
that the system can become. That is, resilience is not a capability, but a responsive be-
havior. In general, the term socio-technical refers to the interaction between the social
and technical aspects of a system. As a result of the interaction between society and
technology, the system exhibits resilient behavior. The rigidity quantification index can
express the current state of system resilience but cannot describe the relationship be-
tween system resilience properties. A simple linear relationship exists between the rigid-
ity quantization index and resilience, with a complex relationship between resilience and
indexes composed of linearity and nonlinearity [20]. Therefore, based on the perspective
of the pressure — state — influence — response system, we explored and established a
comprehensive assessment framework that combines static and dynamic aspects and
focuses on dynamic assessment. This framework combines system resilience theory; we
selected the coastal city of Qingdao as the research object and used the capital portfolio
approach (CPA) to evaluate the five types of capital and three attributes of resilience.
Furthermore, based on the results of CPA analysis, the resilience of the urban water
supply system under uncertain scenarios was dynamically evaluated using the so-
cio-technical coupled dynamic model of system resilience. We identified and analyzed
the critical points of resilience improvement to provide a reference for decision-making
on the sustainability of water supply management in water utilities.

2. Research Methods and Data Sources
2.1. The Concept of a Water Supply System and the Definition of Resilience

Water supply systems are one of the critical infrastructures responsible for the
production and distribution of water fit for human consumption, that is, the volume,
quality, and pressure of water to meet the end users’ needs. A water supply system usu-
ally consists of one or more water sources, water treatment plants, and large water sup-
ply and distribution networks. A schematic of a water supply system is shown in Figure
1.The system consists of two parts: water production and water distribution. The pro-
duction of drinking water includes from the water inlet to the water outlet of the wa-
terworks; drinking water distribution includes the distribution networks and storage
tanks [21]. This definition means that the resilience of a water supply system can be con-
sidered individually for each subsystem (production or distribution) or as a whole.
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Figure 1. Schematic diagram of a water supply system.

In the first subsystem, the potable water system draws water directly from available
sources, such as surface sources (rivers, lakes, streams, or natural springs), groundwater,
or reservoirs. When local surface water sources are exposed to the external environment,
they are vulnerable to hydrometeorological events or water pollution events.

The second subsystem starts with the effluent from the waterworks and ends with
the delivery of drinking water to the end consumers. The completion of the water dis-
tribution task mainly depends on the underground water distribution network, which is
less likely to be directly affected by hydrometeorological events but is susceptible to
earthquakes. A sudden shock will lead to the dislocation and fracture of the pipeline, and
power failure of the pump station, which will lead to the failure of the system’s func-
tioning.

Due to different research perspectives, a clear definition of water supply system re-
silience is lacking. Prior studies mainly defined system resilience based on the following
two perspectives: capability and response. From the perspective of resilience capability,
Balaei et al.[9] stated that water system resilience refers to the performance of a water
supply system after a disaster and the service capacity during post-disaster recovery.
Indexes of resilience are relevant to society, economy, environment, technology, and or-
ganization. The final composite resilience index is obtained by summarizing the weights
of the indexes. Rehak et al.[12] acknowledged that system resilience is identified in two
basic areas: technology and organizational management. The system resilience of the
former is called technical resilience, which is determined by the robustness and recov-
erability of system elements. The latter is called organizational resilience and is related
to the ability of system elements to adapt to changes. The comprehensive resilience in-
dex is obtained by nonlinear aggregation of point, line, and plane infrastructure ele-
ments. The research perspective and methods of Xu et al. [22] and Behboudian et al. [23]
are similar to the above research. Based on the perspective of dynamic response, Tantri
and Amir [24], Vazquez et al. [25], and Krueger [13] defined system resilience as dy-
namic response behavior to shocks from a socio-technical perspective. Therefore, in this
paper, the resilience of an urban water supply system is defined as the dynamic response
of a system to shocks to maintain its service level within an acceptable range through
timely and effective use of available capital under uncertain interference conditions.

2.2. Research Theory and Framework

Over time, a number of social, political, economic, and environmental drivers have
adapted and transformed the resilience of urban water supply systems.Brown et al. [26]
proposed a framework to understand how urban water management in cities generally
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transitions when moving toward sustainable urban water conditions. They distin-
guished between six subsequent stages in the urban water management transitions
framework: the water supply city (water supply access and security), the sewered city
(public health protection), the drained city (flood protection), the waterways city (social
amenity and environment protection), the water cycle city (limits on resources), and the
water-sensitive city (intergenerational equity and resilience to climate change). Daniell
[27] likewise argued that in urban water systems, over time, a number of key water sys-
tem management objectives have been linked to social values, the equivalent of the de-
sired indicators of a system state that have driven transitions to different configurations
of water systems that are designed to provide specific types of service delivery functions.
These water system management objectives and resultant changes in idealized urban
water system types have been produced as a result of a number of socio-economic, en-
vironmental, and governance-related drivers.In order to understand the complexity and
time dimension of urban water supply resilience, we analyzed the resilience from
thesystem dynamic perspective of pressure —state —influence —response [28]. For
pressure in urban areas, the drivers affecting water supply systems are mainly internal
and external pressures. State is mainly related to water quality, water quantity, and water
distribution infrastructure. Influence represents the number of people with adequate
water supplies or water services. Response comprises the adaptive measures (including
adaptive and emergency measures) taken by water managers to reduce disruptive pres-
sures, improve the functioning of the water supply system, and reduce the negative im-
pact of system failures on water services and functions. The research framework is shown
in Figure 2.
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Figure 2. Research framework.

2.3. Static Assessment Model: Capital Portfolio Approach (CPA)

Developed and applied by Krueger et al. [29], the CPA includes public services
provided by the main body of municipal management, as well as total services composed
of public services and community adaptation generated by inadequate services.Based on
the CPA method and social-technological system theory [30], we defined and classified
five types of capital from the perspective of the water supply management subject:

1. Financial resources (financial capital (F)), including the costs of adaptation measures
in the water sector, such as the construction, operation, and maintenance of water
supply systems, and the financial costs of expanding infrastructure;

2. Managerial efficiency (political capital (P)), which is used to support the stable op-
eration of the water supply system and maintain the system’s water service capacity;

3. Infrastructure (physical capital (I)) for the storage, treatment, and distribution of
potable water to the target;

4.  Available water resources (natural capital (W)), including the total amount of water
that is naturally available: collected rainwater, recycled water, and desalinated wa-
ter;

5. Organizational adaptation (social capital (A)), measures taken by managers in re-
sponse to disruptive events resulting in inadequate water services.
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The first four items of capital are required by the technical system, and the fifth item
is required by the social system.The technical capital required for water service is calcu-
lated as RPwa = {F, P, I, W}, and the total capital required for service is calculated as
RPwa= {F, P, I, W, A}.

We used four attributes to measure system resilience: robustness, recoverability
(technical resilience), adaptability (organizational resilience), and risk.The unweighted
harmonic mean or arithmetic mean was used for index aggregation [31].The specific
calculation of each attribute was as follows[12,13]:technical services do not contain or-
ganizational adaptation, whereas total services contain organizational adaptation.

Total service robustness was calculated as RBiota= {Frs, Prs, Irs, Wrs, Ars}, and tech-
nical service robustness was calculated as RBtch= {Frs, Prs, Irs, Wrs}.

Recoverability was determined by the availability of various kinds of capital, that is,
the number of operational infrastructure elements and the number of available resources
were the basis for the implementation of recovery [32], so capital availability was used to
represent recoverability in this paper.Total recoverable service was calculated as REtota=
{Fre, Pre, Ire, Wre, Are} and the technical recoverable service was calculated as REtec= {Frg,
Pre, Ire, Wre}.

Adaptability refers to the management in response to interference events, integrat-
ing various kinds of capital to restore the technical system to restore or improve the water
supply service function. It represents the dynamic ability of the organization to adapt to
environmental changes, Atwta= {Ars, Arg}.

Risk was considered as Risk = {R¥, Rr, Ri, Rw, Ra}.

The robustness, recoverability, and risk of each capital were obtained by calculating
the average score of the respective attributes.

Adaptability was formed from the aggregation of recoverability and robustness of
organizational adaptation with the equation Atota= 2/(Ars +Age).

Total resilience was calculated as Total Resilience = 3/(1/RBtotar+ 1 / REtotar+ 1/Atotar);
robustness as (RBwotal) = (Fre+ Prs+ Irs+ Wrs+ Ars)/5; recoverability as (REtwtat) = REpublict A;
and adaptability as (Acotal) = 2/(Ars+ ArE).

2.4. Dynamic Assessment Model: Dynamic Model of Coupled System

Klammler et al. [33] constructed a dynamic model of coupled social-technological
systems, which represents two state variables: (1) critical service deficit, which represents
the service or function that the technical system fails to provide to meet the requirements
and(2) service management, which represents the adaptive capacity to manage the total
resources available or social institutions to maintain and restore critical services.The
above two variables show how different modeling parameters can lead to multiple sys-
tem states, and how repeated random shock sequences can cause the system to shift from
one state to another or force the system to collapse [34-37].

Service deficit @ (0 < O(t) < 1) represents water service deficit.Service management
0 (0 £Q (t) £ 1) is the maintenance and recovery of critical services.The coupled system
dynamics equations are shown in Equations (1) and (2).

do
— = (- ®)b—and +¢ 1)

dan or

_= (1 —Cl(l))ﬂ(l —.Q) —TW—

- ; @

The right side of Equation (1) corresponds to three key processes that drive the ser-
vice deficit. The first term represents the gradual increase in @ due to the growth in ser-
vice demand and the gradual degradation of service.The second term is due to the
first-order recovery: @ graduallydecreases. The third term is the dispersion increase in @
caused by sudden shocks.Similarly, the right side of Equation (2) corresponds to the three
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key processes that affect service management: the first term indicates that Q gradually
increases due to the supply of (2;the second term is the decrease in Q2 due to the con-
sumption of Q; and the third term is the decrease in (O dispersion due to the impact of
buffering shock. is a random external interference variable. The impact frequency obeys
the Poisson distribution of the mean frequency A, and the impact amplitude obeys the
exponential distribution of the mean value a.

2.5. Calculation of Model Parameters

Service deficit, maintenance, and recovery of services were determined by the com-
bination of robustness (RB) and recoverability (RE) parameters. We assumed that RP#0 in
the urban system, and the parameters are described as follows.

Parameter b (the exponential growth rate of the service deficit in the absence of ad-
aptation and shocks) is determined by two processes: demand growth and service deg-
radation.Capital recoverability is required for demand growth, whereas capital robust-
ness is required for service maintenance. As a result, the lack of capital makes it impos-
sible for city managers to keep pace with the growth of demand, and the lack of robust-
ness leads to a decline in service quality.

b= (1-RB)+ (1—-RE) 3)

Efficiency coefficient a, higher robustness, and recoverability lead to a more effective

recovery of services.
a= ZRBiZREi 4)

Coupling parameter cidetermines the impact of service deficits on service manage-
ment. Higher robustness and recoverability can mitigate the impact of service deficits on
service management, so that (2 recoverability is limited in the absence of robustness.

c;=1—RB ®)

The parameter r is the ratio of the consumption rate to the replenishment rate, cor-
responding to the maximum consumption rate. When the robustness and recoverability
are low, the consumption of Q is the highest.Therefore, the consumption rate r corre-
sponds to the average missing value of robustness and recoverability.

r=1—(RB +RE)/2 (6)

Coupling parameter c2 indicates the direct impact of shocks on service manage-
ment.The ability of service management to absorb shocks decreases with decreases in
robustness and recoverability.

¢, =r=1—(RB+RE)/2 (7)

The scaling constant [3 represents the scale at which the decline in Q2 begins to level
off, that is, at a level of robustness.

B =RBp=RB ®)

When Q reaches f, the non-unit coefficient #n determines the steepness of service
management transformation, a higher value of n leads to a steeper transformation
around 8, and a smaller value of n leads to a higher linearity of service management
degradation.n indicates the effect of the rapid impact on Q.

n=2§& )
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2.6. Setting Disturbance Variables

The influence of internal pressure on the system is realized by parameter b, as shown
in Equation (3) above.

Random external disturbances are a combination of chronic and acute shock time
series. The number of shocks follows the Poisson distribution of the average frequency
(density) A (1/T).The Poisson distribution is commonly used for shock modeling based on
minimal information, as it only requires a single parameter (mean equals variance) and
produces shock events that are uniformly distributed on average over time (totally ran-
dom and independent). Furthermore, multiple dependent losses can be naturally mod-
eled by assuming that all losses are related to one or more underlying Poisson shock
processes [34].The average impact amplitude «a (-) is obtained from the exponential dis-
tribution of the impact amplitude relative to demand.The average frequency of chronic
shock is shown in Equation (10).

chronic shock score 1
Achronic = Y chronic shocks (1 + RBtec) (10)

where shock score is the sum of the total binary score of each risk type (occurrence proba-
bility = 1, exclusion probability = 0) divided by the sum of the total potential risks.The
size of RBrar indicates the ability of the system to buffer shocks.
The average frequency of acute shock is shown in Equation (11).
acute shock score

A = 1+RB -t 11
acute Zacute shocks * 10( tech) ( )

2.7. Disturbance Mechanism

The scenarios that will face an urban water supply system are random, changeable,
and have obvious spatio-temporal characteristics [38]. Risks can result from chronic
(high frequency and low magnitude) or acute shocks (low frequency and high magni-
tude) [39]. To describe this highly uncertain scenario, the following random disturbance
mechanism was applied for the resilience assessment of the system. According to Ra-
soulkhani[40], social-technological systems exhibit varying degrees of coupling when the
system is subjected to the following two types of disturbances: (1) internal pressure,
which refers to the system components being old or service demand growth, which leads
to failure, for example, because of pipeline ageing, economic development, and popula-
tion growth; and(2) external pressure, namely, random external interferences, which re-
fers to a series of sudden, chronic, and random events with high probability and low
shock, such as earthquakes, pipeline ruptures, and water quality pollution. In addition,
acute, low-probability, high-shock impact events can occur, including earthquakes,
droughts, and floods.The pressures on the system are shown in Figure 3.
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Figure 3. Schematic diagram of pressures affecting the system.

The parameterization of shocks is shown in Table 1. Hazard types whose sources are
not indicated were obtained from [41-44].

Table 1. Types of risk and parameterization of shocks.

. . .. Influence of Risk Attrib- Urban R}Sk
Risk Category Risk Type Description Capital ates Score (with,
a 1/without, 0)
Geology and Earthquake, tsunami, landslide, etc. IA Acute 1
geography Land subsidence I Chronic
Soc1oe.conom1c .and pohtlca.l cha.nges., unpre- Lo Ep A Chronic 0
Socio-economic dictably high rates of immigration
i, Direct threat of terrorism or war WIFPA Acute 0
and geopoliti- .\ .
Competition for water resources WP Chronic 1
cal threats . . .
Trespass into water pipes I Chronic 0
Immediate threat of economic crisis FPA Acute 0
Industrial leakage WIA Acute 1
Pandemic WIA Acute 1
Pollution haz- Impact of ageing infrastructure on water pollu-
ard tlon., waterborne dlseas.es eTfter. floods, intensive WIA Chronic 1
agriculture, lack of sanitation infrastructure on
ground water quality
Storms I Acute 1
Flood, drought W Acute 1
li E 1 h
Climate and xtreme temperature (low temperatures, heat I Chronic 1
weath- waves)
er-related haz- Saltwater intrusion WIA Chronic 1
ards Storm surge WI Acute 1
Seawater intrusion WIA Chronic 1
Eutrophication in coastal waters i Chronic 1

2.8. Data Sources

Qingdao is located in the south of the Shandong Peninsula (Figure 4), bordering the
Yellow Sea.Affected by global climate change, the ocean climate changes have become
more prominent.Qingdao is subject to severe weather throughout the year, such as ty-
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phoons and heavy rains; especially during typhoons, the combination of wind, storms,
and tides can lead to serious disasters.In recent years, a severe water supply crisis due to
extreme weather has emerged. With the rapid development of the economy and society
and the continuous increase in urbanization, water supply security has become the bot-
tleneck factor restricting the sustainable development of economy and society in Qing-
dao.The data of this case were obtained from the Qingdao Water Resources Bulle-
tin,Qingdao Statistical Yearbook, Qingdao Statistical Bulletin, Shandong Statistical
Yearbook,China Urban Construction Statistical Yearbook, etc.

The Map of Qingdao City

®

Qing;iao

Yellow Sea

SCALE |

Figure Number: LU SG (2020) No.019

Figure 4. Map of Qingdao:Schematic diagram of study area.

3. Results of ResilienceAssessment
3.1. Results of Resilience Static Assessment

The five capital and resilience attribute combination processes are shown in Table 2.

Table 2. Five combination processes of capital and resilience properties.

Capital Resilience Properties
Robustness (RB): average of the binary
fractions is calculated

Recoverability (RE) Risk (R)

Medium to high income (income that can . .
Ratio of annual water sector income (FI) to an-
be used for unexpected expenses);

.. . nual water sector expenditure (FS) multiplied 3
. . . foreign investment dependence on infra-
Financial capital (F) . byl 4
structure investment <50%;
. . (F =FI/FS Page: 11 7
whether the investment in water conserv- <)
ancy facilities is at a medium or high level
Emergency action plan; p: calculate the average of the nine binary frac- 3
ability to improvise, innovate, expand ac- tions:
Management effec- y P : P i . 4
i ®) tion; communication protocol for sharing structured 5
iveness . . . .
national support plan for disaster recovery; information; ”

city management efficiency ranking; feedback loop;
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feedback loop mechanism of cross-department
coordination;
training and training flexibility and sustainabil-
ity innovation;
public participatory deci-
sion-making/management mechanism;
tracking customer complaint mechanism;
openness of government affairs;
flexible employing mechanism and perfect as-
sessment and supervision mechanism;
urban and rural strategy;
transboundary agreements;
groundwater management mechanism;
surface water management mechanism

Expected maintenance; Infrastructure (I): 1
emergency solution for power failure; SW = (UWA-Wieakage)/Dw 5
cross-sectoral coordination (sanitation, UW Arefers to annual urban water supply, 3
drainage, energy, transport); Wieakagerefers toannual leakage, Dwrefers toan- 4
continuous water supply; nual water
o . . . 6
Infrastructure (I) monitoring leaks; Worink= Daily domestic water consumption per 3
the average material life is less than 50  resident x 365 x population N/DwAnnual water 9
years; I=h x Sw—qx Worink 10
redundancy of key nodes; h: penetration rate, q: proportion of drinking 1
distributed resources; water contaminated (q = 1-water quality com- 13
possibility of emergency quarantine pliance rate)
Storage flow ratio;
external water dependence; 3
water source connectivity; 4
water quality management levels (1: mon- 5
Water resources (W) itoring, 2: discharge regulations, 3: water Water source W = UWA city annual per capita 8
source control and polluter pays for treat- water supply/water threshold Qs 9
ment, 4: precautionary principle); 10
water source diversity (1: one source, 2: one 12
type of source, 3: two sources and types, 4:
multiple types)
Ars: access to alternative water sources
(e.g., desalination);
>middle and high income cities (wages and 1
benefits for practitioners); Age: Organizational adaptation (A): 3
L more than 7 days of continuous emergency A = (passenger water + other unconventional 4
Organizational adap- -
tation (A) water supply; . . water such as seawater desalination)/Dwannual 7
access to emergency response information; water consumption + q x Worink+ reserve wa- 8
an active organization; ter/Dwannual water 9
water treatment prior to water supply; 10
direct access to backup water sources (e.g.,
wells, rivers, etc.)
Riotar=
Aggregation of sum- RBtotar= (Frs +Prs +Irs +WrB +ARB)/5; REtot=REpubiict+ A; (Re+Rp
mary RBpubiic= (Frs +Prs +Irs +Wrs)/4 REpubiic= 4/(1/Fre+1/Pre+1/Ire +1/WrE) +Ri+Rw
+Ra)/5

Atotar= 2/(Ars +ARE) Total resilience = 3/(1/RBtotart+1/REtotart+1/ Atotar)
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The results of the five capital combinations of the Qingdao water supply system re-
silience are shown in Figure 5.In terms of capital robustness, financial and adaptation are
high, whereas water resources, infrastructure, and management efficiency are low. In
terms of capital resilience, financial and infrastructure are high, water resources are me-
dium, and adaptive and management efficiency is low. In terms of risk, adaptation, in-
frastructure, and water resources are high, and financial and management efficiencies are
low.The levels of robustness, recoverability, and risk internal capital are extremely une-
ven.

Finance —m— Robustness

--@-- Recoverability
4— Risk

Adaptation Management efficiency

. [Recoverability: P=0.33, cross-departmental
coordination mechanism, social and public
participation in decision-making
management, urban and rural strategy,
surface water management mechanism and
|other indicators.

[Risk: W=0.82, flood, drought, salt
tide invasion, storm tide, coastal
eutrophication, large-scale epidemic,
industrial leakage, water resources

competition and other indicators. ,/‘

\“\ /Rulmstness: 1=0.33, expected

Water resources Infrastructure 1

main y itoring,
average pipeline life, redundancy of key
nodes, scattered water supply facilities.

Figure 5. Portfolio results.

The aggregation results of the resilience attribute indicators are shown in Figure
6.The assessment results show that the total resilience index is 0.50. Overall, the technical
resilience is high, but the organizational resilience is weak, indicating that the adaptive
measures of the organization are insufficient.The recoverability of the three attributes is
greater than the robustness, and the robustness is greater than the adaptability; the de-
velopment of the three attributes is not balanced. High resilience and low adaptability
indicate high resource availability, while the organization does not fully use its ability to
actively adapt; in most cases, it adapts in response, because managers believe that the
water service currently provided is acceptable.

~
Robustness ~
Total resilience = Technical resilience
+Organizational resilience
. 0.58 N
. \
\
\I
|
o i3 ‘ Technical
l)lﬂnnlnfnlmnul -3 . .‘I resilience
resilience - / 4
N 0.78 / /
Adaptability Recoverability /
L -

Figure 6. Aggregation results of resilience attributes.
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3.2. Results of Resilience Dynamic Assessment

In order to further study the resilience dynamics, based on the static assessment
results, the following variables were solved:(1) the equilibrium point (fixcand fixe) be-
tween Q) and @, indicating the balance between technical services and total services in the
case study, was obtained.Equilibrium points are basins of system attraction, and in the
absence of shocks, the system converges to these points.The closer the equilibrium point
to the upper left corner of the phase diagram, the more stable the initial state of system
resilience (the initial state level of system resilience).(2) The average value u of Q and ®
in the whole time series (the decrease in system performance after shock, robustness in-
dex) was obtained.(3) We determined travel through time utexcand utexe(system recovery
time after shock and recovery speed indicator, respectively).As described, fixe is the
equilibrium point of the service deficit of the coupled system, which is dynamic and
varies with the magnitude of the external interference. If, under interference conditions,
the system adaptability intervenes, the system equilibrium point moves to the top left
area (phase diagram), and the system is more stable. The stronger the adaptation, the
more the equilibrium point moves to the upper-left region. The equilibrium point can
therefore represent adaptability. ue is the reduction in system performance after an im-
pact: the smaller the reduction range, the stronger the resistance and the stronger the
robustness, reflecting the robustness of the system robustness. uexe is the time required
for system recovery after impact: the longer it takes to return to the initial performance
level, the worse the system recovery. Recovery time was somewhat negatively correlat-
ed with recoverability. Numerical simulations of the above variable time series were
performed by solving both Equations (1) and (2) using the MATLAB ordinary differen-
tial equation solver (ode45).

The input parameters of the coupled system dynamics model are shown in Table 3.

Table 3. Input parameters of the coupled system model.

Parameter Technical Service Total Service
b 0.55 0.29
a 9.92 14.09
c 0.26 0.21
2 0.29 0.08
r 0.29 0.08
B 0.74 0.79
n 3.34 3.55
Achronic 0.45 0.45
Aacute 0.04 0.04

According to relevant literature[13,29], we obtained the values of the average im-
pact: chronic impact aeronic= 0.03 and acute shock aaute= 0.2.The case study outputs are
shown in Table 4.

Table 4. Outputs of the case studies.

Parameter Technical Service Total Service
fixa 0.58 0.72
fix (9] 0.19 0.09
uo 0.48 0.65
Uo 0.22 0.11
Dii-above (%) 0.10 0.03
QO nvelow (%) 0.58 0.30
Utexd-above 0.17 0.10

UtexQ-below 2.87 2.87
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We used multiple approaches that are well-known for the evaluation of complex
system dynamics to examine the model simulations and assess coupled systems’ re-
sponses (time series of (2 and @) under stochastic shock regimes. First, we conducted
stability analyses to investigate the presence of equilibrium points and system trajectories
in direction fields and phase portraits [45] and to identify likely regime shifts (e.g., de-
sirable, undesirable, or collapse) in performance. Second, we analyzed the simulation
outputs in the time and frequency domains to generate empirical cumulative density
functions (cdfs) for Q and @ for estimating various statistical moments (e.g., mean and
variance). These cdfs enable estimation of the probability of undershooting certain
thresholds set for service performance or adaptive capacity [46]. In addition, we exam-
ined threshold crossing times [47] to represent the mean duration of the system state be-
low (or above) a given threshold.

According to the direction field and phase diagram in Figure7a,b, it can be observed
that for any initial condition except 2 = 0, the system always approximates to some
equilibrium point (the intersection of zero lines).The slope change of two zero lines re-
flects that the service recovery is faster, but the adaptive recovery is slower.The black
track line in Figure7b shows the stability of the system state under the impact condition
in the phase diagram. The black track line deviates far from the equilibrium point, indi-
cating instability of the technical service system.

In Figure7c, when t =75 and 97, large shocks make the service deficit close to one and
considerably reduce the adaptive capacity of (2 =0.5.However, even with a subsequent
impact of lesser strength, (2 and @ begin to recover, but a larger impact occurs at t =119,
further reducing service and adaptive capability.Compared with an impact of similar
strength at t =75, the impact at t 119 occurs at a much lower adaptive capacity and re-
sults in a further decrease in (2, which decreases to zero at t=123.25.At this stage, the
adaptive capacity 2 cannot be significantly recovered under a given shock condition,
and a moderately large shock reduces the adaptive capacity to zero. The coupled system
cannot recover from this situation (the system equilibrium point is unstable).

Figure7c—e represents the time series of 100 time units before the system crashes
(when Q =0 and @ = 1), which further illustrates that when t = 80-90 and t = 100-110, the
water service of the technical service system is limited to two consecutive times and its
adaptability is poor (corresponding to the yellow circle in Figure7b).Similar to the final
phase at collapse, this phase begins with an unusually strong shock (Figure 7c), followed
by a series of shocks of shorter duration and lesser strength (Figure 7d).At t = 120, the
system entered the collapse stage. At t = 123.25, the water supply system collapsed due to
a sudden and unusually large shock (such as a large earthquake or severe water pollution
event).
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Figure 7. The direction field and phase diagram with the system trajectory (a,b). The green line is the zero line, and the intersection
point of the zero line is the stable fixed point.The black and yellow lines in (b) correspond to the trajectories of 2 and ® (Qav
and®av) under shock, respectively; The time series of &, D, and Q parameters (c). Time series of the Eav, DAV, and QAV parameters
(averages) (d). The time series of the traverse time tex parameter (e). Impact performance of technical service systems (f). the red
point is the crash point. Cumulative probability distribution of @ and Qparameters. For better illustration, c—e are shown for an
arbitrary interval of 100 time units, while f are for full simulation period of 1000 time units

Under a random shock, compared with the technical service system, the total service
system with increased adaptability did not collapse, and two strong shocks occurred at
t=968 and 982; the system recovered from both due to the adaptive measures imple-
mented by the water management.The representative event was the severe droughts in
Qingdao in 2011 and 2016. In order to alleviate the drought, the water supply department
met 90% of the urban water consumption by diverting water from customers.Compared
with Figures7a and 8b, the balance point of the system obviously moves to the security
zone in the upper left corner (2 =1, @ =0). The tracks of Q and @ (black line) remain in a
limited region near the equilibrium point, and the area in this region is significantly
smaller than that in Figure7b. The average state of the system (expressed as a yellow line
indicating the moving average of Qw and @w) is also more stable, and the stability of the
fixed point distance is closer. Figures 7f and 8f show the cumulative probability value
comparison results: uo and ue are above threshold ®u-wwe and below the threshold
probability value Q#rbeow, including Psi-avove = 0.10, Qti-vetow = 0.58 (Figure 8f) and Dr-avove =
0.03, Qin-velow = 0.30 (Figure7f). This also proves that the overall service system is more re-
liable.

Compared with the time series in Figures7c and 8c, the comparison of the resilience
indicators of the total service system and technical service system shows that the total
service system is more stable, and the system can recover to its original state through
self-adaptation even in the face of unusually large shocks and a series of compound
shocks of high frequency and low strength. It can be seen that implementing adaptive
measures in the water sector can significantly improve the resilience of the system.
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Figure 8. Total service system impact performance: (a) direction field; (b) phase diagram; (c)the time series of &, @, and
Qparameters; (d) time series of the £av, Pav, and Qav parameters; (e) the time series of the traverse timetex parameter; and

(f) cumulative probability distribution of the @ and Q parameters.

4. Results of Resilience Critical Points Identification

In order to identify the critical points of system resilience improvement, it was nec-
essary to clarify the impact of the robustness and recoverability of the five capital items
on the improvement in system resilience.The relationship between the robustness and
recoverability and the resilience representative indexes fixe, us, and u«xw were analyzed

separately.

4.1. Critical Point Identification of Robustness

The robustness of the five capital items is improved using the following methods:
management efficiency is improved to the ideal state - management efficiency and in-
frastructure are improved to the ideal state - management efficiency, infrastructure, and
water resources are improved to the ideal state - management efficiency, infrastructure,
water resources, and adaptiveness are improved to the ideal state.Based on the results of
the resilience dynamic model of the coupled system, the RB and fixe, ue, and utexe fitting
analysis was obtained, as shown in Figure 9.RB and fixe, ue, and uewxe are linear, increas-
ing with capital robustness and decreasing proportionally to the resilience indicators
associated with the service deficit, or a linear increase in resilience. From the slope of the
three linesKuo>Ksaxo>Kutexo, it can be seen that the sensitivity of the resilience index to
capital robustness RB is us>fixe>utexo. Golden section theory (0.618:1) and the initial level
of the three lines suggest that the capital robustness level of 0.70 be set as the critical point
of resilience improvement.For example, under the constraint of investment capital, the
case study city water department can prioritize the improvements in management effi-
ciency, infrastructure, and water resource robustness (RB = 0.70).
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Figure 9. Fitting analysis results of RB (X) and fixe, ue, and utexo (Y).

4.2. Critical Point Identification of Recoverability

The recoverability of the five capital types in increasing order is: finance to ideal
state to financial and management efficiency to the ideal state — finance, management,
efficiency, and infrastructure up to the ideal state — finance, management efficiency, in-
frastructure, and water up to the ideal state — finance, management efficiency, infra-
structure, water, and adaptiveness to the ideal state.Based on the output results of the
resilience dynamic model of the coupled system described above, the RE and fixe, ue, and
utexo fitting analysis results were obtained, as shown in Figure 10.Figure 10 shows thatRE
and fixe, ue, and uwe have a nonlinear relationship (first-order exponential decay), the
recoverable value is less than 1.20, the service deficit decay rate is fast, the recoverable
value is more than 1.20, and the service deficit decay rate is basically flat. The recovera-
bility value (1.20) is the critical point of resilience improvement.Rasoulkhani et al. [45]
obtained a similar conclusion in their study: the water sector invests in adaptation under
external pressure. When the level of capital investment is less than USD 2 billion, the re-
silience index increases rapidly and the marginal effect is obvious; when the level of
capital investment is more than USD 2 billion, the growth rate of the resilience index
slows significantly. Combined with the results of the case study in this paper, to improve
the water supply system’s resilient behavior over a long time period, water managers
should actively adapt rather than implement emergency response measures. Therefore,
water managers need to actively seek thecritical points of capital resilience and undertake
corresponding adaptive behaviors accordingly.For example, the case study city can im-
prove its financial, management efficiency, infrastructure, and water resource recovera-
bility to an ideal state (RE=1.20).In terms of the current state of Qingdao, the measures to
improve the recoverability of capital involve improving the following management
mechanisms or strategies (management efficiency):

e  Communication protocol for sharing structured information;

e  Feedback loop;

e  Feedback loop mechanism for cross-department coordination;

e  Training and training flexibility and sustainability innovation;

e  Public participatory decision-making and management mechanism;

e  Customer complaint tracking mechanism;

e  Openness of government affairs;

e  Flexible employing mechanism and perfect assessment and supervision mecha-
nism;
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Urban and rural strategy;
Transboundary agreements;
Groundwater management mechanism;
Surface water management mechanism.
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Figure 10. Fitting analysis results of RE (X) and fix®, u®, and utex ® (Y).

4.3. Critical Point Identification of Resilience

There are 30 combinations of strategies for promoting capital robustness and re-
coverability. To simplify the calculation, the capital increase value is increased directly

from zero to one. (Table 5)

Table 5. Combinations of promotion strategies: 0, a lack of improved capital; F, improvement in
financial capital; P, improvement in management efficiency; I, improvement in infrastructure; W,
improvement in available water resources; and A, improvement in organizational adaptation.

Number RB RE
0 0 0
1 0 F
2 0 F+P
3 0 F+P+1
4 0 F+P+1+W
5 0 F+P+I+W+A
6 P 0
7 P F
8 P F+P
9 P F+P+1
10 P F+P+1+W
11 P F+P+I+W+A
12 P+I 0
13 P+1I F
14 P+1 F+P
15 P+I1 F+P+1
16 P+I F+P+1+W
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17 P+1 F+P+I+W+A
18 P+I+W 0

19 P+I+W F

20 P+I+W F+P

21 P+I+W F+P+1I

22 P+I+W F+P+I1+W
23 P+I+W F+P+I+W+A
24 P+I+W+A 0

25 P+I+W+A F

26 P+I+W+A F+P

27 P+I+W+A F+P+I

28 P+I+W+A F+P+1+W
29 P+I+W+A F+P+I+W+A

The robustness, recoverability, and resilience indicators (fixe, ue, and e, respec-
tively) together constitute a three-dimensional landscape of an improvement path, as
shown in Figure 11a,b.From the upper-right area to the lower-left area, the resilience
gradually increases, and the color changes from red to purple.The path landscape map
shows a folding area in the figure and (0.70, 1.20, Z) is the critical point (red arrow) which
is consistent with the results of the fitting analyses in Sections 4.1 and 4.2. Beyond the
critical point, the resilience growth of the system slows (dark blue and purple regions).In
a 3D landscape diagram, countless improvement paths can theoretically exist. In the case
study city, in combination with a resilience improvement strategy and strategy analysis,
the management efficiency, infrastructure, robustness, and recoverability of water re-
sources and finances can be improved to increase the recoverability to the ideal state; the
resilience could be oriented toward the ideal path system (RB = 0.70, RE = 1.20).
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Figure 11. Three-dimensional landscape of the resilience evolution path:Red represents low resilience and purple repre-
sents high resilience(a,b). (a) shows the critical point of RB, and (b) shows the critical point of RE.
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5. Discussion
5.1. Discussion of Resilience Static Assessment Results

In terms of the types of capital, financial capital has high robustness and high re-
coverability, indicating that Qingdao has sufficient funds for the investment, construc-
tion, operation, and maintenance of the water supply infrastructure.In 2017, the general
budget revenue of Qingdao’s local finance was RMB 115.7 billion, of which RMB 45.3
billion was invested in fixed assets: water conservancy, the environment, and public fa-
cilities management. The high recoverabilityand low robustness of the infrastructure in-
dicate that the water sector can deliver most of the available urban water resources to all
users in accordance with drinking water quality standards and requirements. However,
it cannot ensure a continuous and high-quality water supply due to the ageing and non-
regular maintenance of underground pipes and the lack of effective communication and
coordination with other departments in emergency situations.In 2017, the penetration
rate of water supply in Qingdao was 100%, and the water quality was strictly in accord-
ance with the Hygienic Standard for Drinking Water (GB5749-2006).In order to further
improve the water supply quality, the municipal government has invested more than
RMB 600 million in the past three years to carry out the in-depth treatment and trans-
formation of some water plants, and added international advanced water treatment
technologies such as ozone-activated carbon and ultrafiltration membranes. The quality
of the water supply is better than the national standard, and the annual qualified rate of
water quality remains 100%.According to the Qingdao City Public Water Supply Emer-
gency Plan (Qingdao Government Office (2015) 92) issued on 16 September 2015, the
responsibilities of the Construction Bureau, Water Bureau, City Administration Bureau,
and other departments after a water supply emergency are clearly defined, but fast and
efficient communication amongst all departments is lacking.The high robustness and low
recoverability of adaptiveness explain that water managers have more opportunities to
have alternative available water sources and financial funds, but the degree of develop-
ment and use of available capital is low. For example, Qingdao, being coastal, can make
full use of desalination as one of the alternative water sources, but seawater desalination
water supply currently only accounts for 8.6% of the total water supply.The high risk to
water sources and infrastructure means that the city has a complex and volatile external
environment: saltwater intrusion caused by rising sea levels; eroding underground water
sources and pipelines; and storm surges, floods, and droughts constantly threatening
water sources and water supply infrastructure.

Within the background of global climate change, Qingdao’s water supply system is
facing an increasingly complex external environment. The rapid urbanization and the
growing urban population are increasing the pressure on the water supply in Qing-
dao.Although GDP growthprovided strong financial support for the city’s construction,
the growth of industry and the expansion of cities have worsened the problem of water
pollution. At present, the single water source and water supply infrastructure level ob-
viously cannot meet the water demands of Qingdao. To ensure the safety of its water
supply, Qingdao urgently needs to transform. The specific measures to be implemented
include changing the concept of development, strengthening the protection of water re-
sources, enhancing the resilience of the water ecological environment, adhering to the
regional allocation of multiple water sources, increasing the intensity of passenger water
diversion, fully developing local unconventional water sources, accelerating the con-
struction of urban water supply infrastructure and transforming the old pipe network,
promoting the equalization of urban and rural water supply security, and building an
integrated urban and rural water supply system. The effects of these adaptations corre-
spond to the items quantified in Table 2 in Section 2.1; for example, to strengthen water
source protection, quantified through the water quality management level (water source
and recoverability; Table 2), the specific quantitative standards are 1, monitoring; 2,
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emission regulations; 3, water source control and polluter payment treatment; and 4,
preventive principles.

The initial metrics in the assessment framework were mainly obtained from rele-
vant references [48-56]. For example, water resource robustness is estimated using,
amongst others, metrics applied for country-scale water scarcity assessments [57-59].
They comprise storage flow ratio, external water dependence, water source connectivity,
water quality management levels (1: monitoring, 2: discharge regulations, 3: water
source control and polluter pays for treatment, and 4: precautionary principles) [60],
water source diversity (1: one source, 2: one type of source, 3: two sources and types,
and 4: multiple types).

5.2. Discussion of Resilience Dynamic Assessment Results

Without self-adaptability, Qingdao’s water supply system can recover by relying on
its own robustness to small shocks (general tube burst accident, drought, etc.). However,
in the event of a large shock, the water supply system broke down and a large area of
water supply was interrupted. With the addition of an adaptive water supply system, the
system can restore the water supply service level to the state prior to the interference
through self-regulation, even in the event of an unusually strong shock, and the water
supply system is relatively safe.Qingdao is a coastal city that is typically lacking water; in
recent years, Qingdao has actively implemented adaptive measures to ensure the secu-
rity of water supply, for example, in the 12th Five-Year period, Qingdao invested RMB
13.82 billion to construct three types of raw water supply: four lengthwise and three
transverse pipe networks for distribution, the Qingdao three lines in the Qingdao Water
Source Construction and Allocation13th Five-Year Plan (2016) and Qingdao’s water se-
curity overall planning (2018).

The city, being in transition, is defined as a water supply system with no adaptive-
ness or inadequate adaptability, which is less impacted and can recover to its initial state
by relying on its own robustness. However, due to a strong shock, the water supply sys-
tem broke down and water supply safety accidents occurred.Given the adaptive behavior
of the water supply system, under any shock, the system can return the initial state of
water supply to ensure continuous and stable water supply. According to the coupled
system model, cities in transition have obvious coupling shocks, and relatively frequent
chronic and acute compound shocks reduce the robustness of the system (resulting in a
large c2value), which has a significant impact on service management. Due to the strong
coupling of critical service deficits and service management capabilities (ciafter the
shock; the recovery speed of the technical service system is slow and may eventually
collapse). Based on the CPA assessment and model output results, we introduced four
major categories of cities. Although there are no strict boundaries between groups and
cities, there is a continuous decline in safety and resilience from low to high; we used
these broad categories to facilitate outcome representation:(1) water-sustainable city, an
ideal water-saving city, where the urban water system will not collapse under impacts,
and the parts of the system are highly related (definition is similar to water-sensitive cit-
ies);(2) impact in all simulation operations, where water secure and resilient cities will
fully recover; (3) water insecure and nonresilient cities, where technical services are im-
pacted and adaptive total services collapse; and (4)cities in transition, where urban tech-
nical services collapse, and the total service system can recover.By studying different
types of urban cases, we may find some correlation between the fixe, us, and utexe metrics
and urban interface division, which was the focus of the next step.

According to the simulation results of this case study, the resilience trajectory of
Qingdao’s water supply system is categorized as a transition city, in a transition state
between a city with high water security and high resilience and a city with low water
security and low resilience.Robustness and recoverability are critical factors for im-
provement in the system resilience trajectory. According to the different degrees of ro-
bustness and recoverability, different methods can be used to explore the resilience tra-
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jectory of urban water supply systems, as shown in Figure 12.For cities lacking water
security and resilience, the water sector cannot continuously and adequately provide
water or conform to the drinking water quality standard due to the shortage of water
resources, water supply infrastructure shortages or obsolete infrastructure, the lack of
management ability, and increased water demand due to urban population growth. This
type of urban water supply system has low robustness and low recoverability. Even if
there is no acute external shock, the system may also experience the degradation of water
service performance of the system (population growth, pipeline ageing, underinvest-
ment, etc.) under the action of internal driving forces[38]. Water-secure andhighly resil-
ient urban water supply systems have high robustness and recoverability, which can
absorb high-intensity interference, have a strong ability to reorganize to adapt to inter-
ference and can develop with interference while maintaining the necessary functions,
and can automatically guide the adaptation path to a more ideal state. When a highly re-
silient system is subjected to strong interference, it not only has the ability to continue
performing basic functions, but can also adapt to external changes, thus maintaining the
sustainability of the system. The water supply system of a transition city has a strong
coupling of service deficit and adaptive capacity, and the technical service system will
collapse under the compound pressure of chronic and acute shocks. However, to solve
the dilemma and complete the transformation, city managers are trying to improve the
system through a series of adaptive resilience actions, for example, reforming old pipe
networks, increasing the diversity of water supply (water desalination, rainwater har-
vesting, recycled water use, etc.), increasing distributed small water, and formulating
plans for the sustainable development of water supply.

4
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B . 1e
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Figure 12. Exploring the resilience trajectory of urban water supply systems based on different
levels of robustness and recoverability.

5.3. Discussion of the Critical Point Identification Result

If the system recoverability remains unchanged, the system robustness has a linear
relationship with resilience. When the robustness level exceeds 0.7, the sensitivity of re-
silience to robustness decreases significantly.Under the condition that the robustness of
the system remains unchanged, the relationship between recoverability and resilience is
nonlinear. When the recoverability level exceeds 1.2, recoverability is no longer sensitive
to resilience.In the three-dimensional landscape of the improvement path composed of
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robustness, recoverability, and resilience indicators, it is easy to find the inflection point.
The robustness level is 0.7 and the recoverability level is 1.2.It is assumed that the ideal
robustness level or initial robustness level of the system is 1.0 and the ideal recoverability
level or initial recoverability level of the system is 1.0.The robustness level of 0.7 indicates
that the system robustness level does not need to be restored to the original level or be
unnecessarily improved in order to recover the resilience of the system after a composite
impact.A recoverability level of 1.2 means that it is necessary to maintain some redun-
dancy (20% redundancy) in the recoverability level in order to improve system resilience.

The principle of enhancing robustness is not simply the higher the better, because,
on the one hand, although the development of surplus water supply infrastructure can
well buffer the impact of environmental change and drought, it also produces huge sunk
costs and high operation and maintenance costs in later periods.On the other hand, the
water sector should not only rely on large capital investments to enhance the robustness
of the system, but should also improve the resilience and adaptability to future uncer-
tainties[19]. Purely robust systems focus on mitigating system failures by enhancing in-
dividual components, whereas system designs that focus on a single physical function
may limit the system’s effectiveness in responding to specific events and lead to negative
resilience consequences. A resilient system, on the other hand, tries to adapt to shocks by
diversifying its flexibility and functional dependence, and can quickly recover its original
function after a failure [61].For example, firstly, the penetration rate of the urban public
water supply in China is 96.7%. Although the centralized water supply system has strong
robustness and can manage water supply facilities as a whole and ensure water quality,
its construction requires the laying of a large number of pipes, resulting in high system
costs and low efficiency.The cost of network laying usually accounts for the largest share
of investment in water supply infrastructure. As systems age, the cost of managing,
maintaining, and replacing large centralized system components increases significantly.
Secondly, while a larger water supply system’s reserve capacity can enable reliable ser-
vice delivery in the event of a system failure, a larger reserve capacity will extend system
recovery time if the system is subjected to contaminant intrusion [62].

Given the current rainfall pattern changes, rising sea levels caused by climate
change, the rapid growth in urban population, and requirements to improve capital ro-
bustness, if capital is only raised to drastically improve recoverability and the develop-
mentofrobustness is ignored (or even a recession, such as water supply infrastructure
recession caused by a lack of regular maintenance and/or ageing), the urban water sup-
ply system resilience may fall into a “rigid trap” (RE> 1.00,RB< 0.30)[13]. For the specific
dynamic evolution process of the resilience state, Figure 13 shows the system resilience
evolution path triangle model.In a rigid trap, managers pool resources and efforts to
adapt to specific external pressures and internal demands, resulting in a highly inter-
connected and self-reinforcing water supply system (e.g., highly centralized and
less-resilient water supply facilities) [63].At the same time, adaptive management is se-
verely hampered by large sunk costs and the legacy effects of centralized and nonresili-
ent water supply infrastructure. Eventually, the system falls into a vicious cycle of high
recoverability, low robustness, and high recoverability.
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Figure 13. Triangular model of system resilience evolution path.

In the past, for coping with water scarcity, the water sector has often implemented
adaptation measures by increasing savings ability to increase the availability of water
resources in reservoirs, but rainfall patterns have changed and sea levels have risen,
causing external threats, such as salt water intrusion, which are likely to permanently
reduce reservoir capacity or underground water resource availability; therefore, a large
reservoir or underground water may no longer guarantee urban water security[64].As
previously stated, the combined pressures of increasing external environmental uncer-
tainty and rapid urbanization require more transformative and sustainable adaptation
measures to be implemented by water managers.In many cities, water availability is
limited and water scarcity is an urgent problem for managers. Due to the lack of diversity
of water sources, water authorities often struggle to meet the water supply demand in
disaster and emergency situations [65].

Qingdao heavily relies on diverted passenger water (>90%) as the main water
source, having a relatively singular water source. Any disaster affecting diverted pas-
senger water will seriously impact urban water supply security.At the same time, the use
of groundwater in the area is limited due to low recharge. In order to improve the re-
storability of the water supply system, Qingdao needs to increase its accessibility to var-
ious water sources, for example, by increasing the diversity of water sources, deepening
the freshwater treatment process, and innovating desalination water treatment models.

6. Conclusions
The main conclusions of this paper are as follows:

1.  The static assessment results showed that the five capital levels (financial resources,
management efficiency, infrastructure, available water resources, and organization-
al adaptation) and three attributes (robustness, recoverability, and adaptability) of
Qingdao’s water supply system resilience are unbalanced.

2. The dynamic assessment results showed that the current trajectory of Qingdao’s
water supply system resilience is as a city in transition.Among them, in an uncertain
scenario, the technical service system will collapse due to the limitation of its ability
to adapt, and the system state is unstable. However, the total service system with
organizational adaptation can always recover through its dynamic adaptability,
avoiding collapse, which indicates that organizational adaptation can significantly
improve system resilience.
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3. The fitting analysis showed that a linear relationship exists between robustness and
resilience, and the resilience increases linearly with the increase in capital robust-
ness.The relationship between recoverability and resilience is nonlinear. Before the
critical point, the resilience increases exponentially with the increase in recoverabil-
ity, and the marginal effect is obvious.After the critical point, the increase in resili-
ence tends to flatten. The critical points of robustness and recoverability are 0.70 and
1.20, respectively.Combined with the resilience improvement path 3D landscape, to
transform the current state of the water sector to ensure water security and high re-
silience, adaptive ability can be used to improve the system robustness and recov-
erability, but there should not be only one focus in the process of improvement. To
achieve the critical point capital robustness and recoverability (RB = 0.70, RE = 1.20),
the city should be aware of the trap of rigidity (RE>1.00, RB< 0.30).

4. We constructed a comprehensive assessment framework combining static and dy-
namic assessments, which can be used as a reference for the resilience assessment of
similar coupled social-technological systems in cities.For example, the power sys-
tem, the communication system, the drainage system, and the road system in the
urban environment can be regarded as a coupled social-technological system.The
coastal city selected as a typical case in this study, although it has certain limitations,
helps provide information, but the long-term dynamic resilience of different urban
water supply systems differs, and water managers actively adapt their behavior in
close relation to the local complex environment that is uncertain. As such, a different
regional comparative study on urban water supply systems should be conducted,
and water management departments should be actively contacted to obtain more
timely and effective information.

5. We developed a comprehensive assessment framework that evaluates both the
current resilience levels and the resilience dynamics under interference. In this
study, we performed a correlation analysis of the relationships between resilience
properties and presented the specific value of the key critical point.

First, although we developed a comprehensive assessment framework to assess the
resilience of an urban water supply system under the influence of uncertain scenarios,
this study was performed from the perspective of urban water management subjects,
and we did not consider the dynamic impact of community adaptation on the resilience
of urban water supply systems. Recently, researchers have been increasingly focusing on
community adaptation to inadequate water services. For example, when urban water
management or tap water suppliers cannot supply reliable drinking water to communi-
ties, community residents can purchase bottled water from supermarkets. Community
residents in areas with prolonged severe water shortages or extremely unreliable water
quality may find alternatives, such as drilling deep wells to obtain groundwater. Second,
our acquisition of raw quantitative indicator data has limitations. Since some of the
original data in this article were obtained from water management interviews or ques-
tionnaires, there is a possibility that the original data were intentionally concealed or
exaggerated. Third, only a single case was used for the empirical study. Although the
typical case of a coastal city selected for this research provides some reference value, the
long-term resilience dynamics of different urban water supply systems and water man-
agement are closely related to the uncertainty of the complex environment. A future
study should compare different regional urban water supply systems and actively con-
tact water management departments to obtain more timely and effective information.

Past experience and risk awareness may provide reference for the near- or
short-term resilience of the system, but past experience may not be useful based on the
findings of long-term resilience research. Therefore, a method or model must be devel-
oped to study the long-term evolution of the resilience trajectories of affected water
supply systems across different scales. Moreover, in the future sustainability research on
urban water supply systems, the interactions and relationships of the water supply sys-
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tem and other systems or departments, such as energy, drainage, environmental protec-
tion, land resources, and agricultural management systems, should be considered.
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