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Abstract:
Meeting ecological water requirements (EWR) is important for guaranteeing watershed
system stability in many arid and semi-arid lands. Rainfall–runoff relationships under the
effects of climate change may induce many adverse changes for EWR. Inherent
uncertainties in water resources management and potential variations in EWR should
both be considered to obtain desired water allocation strategies under changing climatic
conditions. In this research, an integrated approach was proposed through incorporation
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of copula functions and a Markov Chain Monte Carlo (MCMC) simulation into a general
chance-constrained programming (CCP) modeling framework. The proposed method was
found effective for water resource management with respect to the following: (a) tackling
correlated features in watershed rainfall and inflow under climate change based on
copula–MCMC simulations, (b) obtaining runoff distributions using the copula sampling
method under multiple climate change scenarios, (c) analyzing fluctuations of EWR
based on varied monthly flows with consideration of diverse runoff distributions, and (d)
obtaining desired water allocation strategies through the developed CCP model with
consideration of EWR and water shortage risks. Application of the developed method to
water resources management in the city of Dalian (China) indicated that the EWR in the
watersheds of Dalian would suffer large variations under changing climatic conditions.
Moreover, in comparison with the supply in 2025, the increase of water supply from
transferring water from the Dahuofang Reservoir (Hun River) would be 6942–33,772,
6942–25,472, and 2849–14,259 Mt with risk tolerance levels of 20%, 50%, and 80%,
respectively.

Keywords: water resources management; ecological water requirement; copula functions;
Markov Chain Monte Carlo (MCMC) simulation; chance constrained programming (CCP)
model.
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1 Introduction
Water resources management is regarded as a complicated, adaptive, and integrated
decision-making unit for maintaining ecological, economic, and social functions of water
systems (Mayer et al., 2014; RazaviToosi and Samani, 2016). Satisfaction of ecological
water requirement (EWR) is thus an important way to maintain watershed structure and
the corresponding ecosystems in many arid and semi-arid lands (Ling et al., 2016).
However, EWR could be influenced by adverse spatiotemporal variations in water
availabilities under combined changes of climate change conditions (Bracken et al., 2018;
Giuliani and Castelletti, 2016; Prasad et al., 2015). Many countries are facing increasing
challenges in balancing water resources utilization with ecological protections (Benda et
al., 2016; Gao et al., 2014). Thus, decision-making approaches to long-term water
resources management highlight the importance of nonstationary and uncertain
perspectives of EWR and water allocation strategies.

Ecological flow assessment has been applied widely to describe the amount of water flow
required to sustain watershed ecosystems and human livelihoods (Acreman, 2016). Zeng
et al. (2017) focused on tradeoffs between ecological and irrigative water usages. Zhang
et al. (2016a) analyzed multiyear trends of the annual and seasonal changes in ecological
flow. Pastor et al. (2014) proved that two methods were effective in analyzing ecological
flow (i.e., the variable monthly flow (VMF) and Tessmann methods) for many large-scale
watershed ecosystems. O'Brien et al. (2018) introduced a scenario-based ecological flow
assessment method with consideration of the socioecological consequences of varied
flows. Many studies have demonstrated the effects of climate change on ecological flow
3

and water resources supplies (Zhang et al., 2017). For example, Veettil and Mishra (2016)
incorporated EWR within a framework of water security assessment under climate
change impacts. Incorporating Bayesian theory into the framework for EWR analysis,
O'Brien et al. (2018) proposed a robust regional-scale approach in order to achieve the
desired strategies for ecological protection. It is necessary to tackle the nonstationary
frequency of water availability for EWR, especially when influenced by correlated
features in rainfall and inflow of a watershed, in conjunction with the subjective decisions
of stakeholders in water resources management (Bracken et al., 2018; Chen et al., 2019;
Haghighi et al., 2018; Nasr-Azadani et al., 2017; Xue et al., 2016). Previously, statistical
methods, such as Monte Carlo simulation, Latin hypercube sampling, and Copula
functions, were incorporated to support nonstationary analysis in water resources
management (Pal and Talukdar, 2020). For example, Trindade et al. (2019) analyzed
variations in long-term water infrastructure investments based on Monte Carlo sampling.
Traditional methods of EWR analysis should also be improved to reflect variations in
both water supply and demand, especially under the climate-change background (Gibbs
et al., 2018).

A water management system (WMS) is generally proposed to provide sustainable
strategies regarding adapting to water availability, resolving human vulnerability, and
fulfilling ecosystem and human needs with balanced water supply and demand (Cook and
Bakker, 2012; Xue et al., 2016). Inherent uncertainties of a WMS and potential
interactions with EWR could influence the effectiveness of water allocation strategies
(Brookfield and Gnau, 2016; Wang and Huang, 2014). Specifically, given changing
4

environmental, economic, and social conditions, it is difficult to predict definitively the
characteristics of future water demand and supply (Brookfield and Gnau, 2016).
Concurrently, integration of future technological innovation could partly offset any
increase in water demand (Psomas et al., 2017). It is likely that the additional time and
cost requirements of adaptive alternatives would be met to mitigate the uncertain
conditions (Brookfield and Gnau, 2016). Although previous research has considered the
inherent uncertainties in a WMS, uncertainties of EWR under the background of climate
change have rarely been considered in terms of water resources allocation or reservoir
operation (He et al., 2018).

The following methods have been proposed previously for analysis of WMS uncertainties:
1) uncertainties of water availability, especially under climate-change effects, were
considered based on multiple series of representative scenarios (e.g., Representative
Concentration Pathway (RCP) 4.5 and RCP 8.5) (Xie et al., 2017). For example, previous
climate research provided multiple scenarios of the relative effects of uncertain climate
change on water availability (Gaivoronski et al., 2012; Whateley and Brown, 2016).
Moreover, scenarios of future conditions have been applied widely in uncertainty analysis
of socioeconomic and climate change indicators (Huskova et al., 2016; Safavi et al.,
2015); 2) Sampling methods (e.g., Monte Carlo, Latin hypercube, and copula sampling)
were used to address the randomness of available water resources (Liu et al., 2017).
Zhang et al. (2017) proposed historical and future operating methods for deriving
adaptive operating rules considering both historical information and future projections of
a WMS. The varied availability of surface water could be obtained by Monte Carlo
5

sampling in a numerical model (Liu et al., 2017); and 3) Correlated uncertainties could
also be determined using statistical methods (e.g., relevance analysis and copula
functions) (Wang et al., 2017). As flexible statistical approaches, Bayesian and copula
methods can capture the joint distributions of correlated parameters at different time
scales (Ren et al., 2020; Xu and Valocchi, 2015; Yang et al., 2018). O'Brien et al. (2018)
proposed a hybrid approach based on ecological flow and Bayesian theory to support
decision-making strategies for adaptation practices. Copula theory has been applied
broadly in multivariate frequency analysis to evaluate the characteristics of
nonstationarity (Bracken et al., 2018). Nguyen-Huy et al. (2017) analyzed the joint
influence of the El Niño–Southern Oscillation and the Interdecadal Pacific Oscillation
Tripole Index on seasonal precipitation based on vine copulas. Based on copula theory,
Miao et al. (2016) presented comprehensive analysis of the joint probabilistic
characteristics of precipitation and temperature on the Loess Plateau of China. Many
other joint distributions of drought characteristics in watersheds have been constructed
using copula functions (Zhang et al., 2015).

Previous, single- or multi- objective optimizing models were applied in water resource
management, considering multiple water resources requirements in socio-economic
activities (Tarebari et al., 2018). Almazan-Gomez et al. (2018) introduced a water
management model to simulate scarcity scenarios and to measure the associated default
rates of ecological flow. Hydrological simulations were also integrated into optimizing
management models to obtain desired water allocation plans in consideration of
watershed characteristics (Lobanova et al., 2017). In order to tackle the issues of
6

stochastic processes in stream flow of WMS, uncertainty analysis methods can also be
incorporated within a general framework of optimizing techniques (Wang and Huang,
2014; Xu et al., 2015; Zhang et al., 2020). For example, Lv et al. (2018) proposed an
interval chance-constrained programming (CCP) model based on a Monte Carlo
simulation for regional ecosystem planning under uncertainty. Tan et al. (2016) proposed
a robust interval fuzzy programming approach for identifying sustainable agricultural and
industrial production strategies at the watershed scale in a highly uncertain environment.
Yu et al. (2018) proposed a copula-based stochastic programming method for allocating
regional resources that considered random and uncertain parameters in objective function
and constraint conditions. Lei et al. (2018) proposed a stochastic optimization model for
hydropower generation reservoirs, in which a transition probability matrix was calculated
based on copula functions. Furthermore, owing to random variations of parameters, a
WMS is challenged by failure of occurrence in water allocation to multiple users (e.g.,
water shortage risk). Thus, a risk-based balance inexact optimization model is required to
reflect the risky conditions in water resources management (Xie et al., 2016). Borgomeo
et al. (2018) expanded risk-based decision analysis to explore possible ways of enhancing
robustness in engineered water resources systems under different risk attitudes of
stakeholders. Chen et al. (2020) proposed an optimizing model to explore strategies of
dual risk aversion in water resources and carbon reduction.

Although many previous studies have considered EWR, research on water resources
allocation focusing on EWR and the water shortage risk in a WMS under the background
of climate change is lacking. Therefore, the objective of this study was to propose a
7

hybrid approach for improvement of typical methods of water resources management in
terms of EWR and water shortage risk under the effects of climate change. Considering
environmental and socioeconomic water shortage risk, the developed method evaluates
fluctuations in precipitation under multiple climate change scenarios, analyzes correlated
features of runoff and precipitation, and incorporates variations in EWR into water
allocation management. In detail, precipitation fluctuations were analyzed based on daily
climate data from three general circulation models (i.e., BCC-CSM1.1, BCC-CSM1.1(m),
and BNU-ESM) under the RCP 4.5 and RCP 8.5 scenarios. Correlations between runoff
and precipitation were analyzed using a hybrid copula–Markov Chain Monte Carlo
(MCMC) simulation method. Fluctuations of EWR were analyzed based on copula
sampling and VMF methods. Desired water allocation strategies were obtained using a
CCP model with consideration of environmental and socioeconomic water shortage risk
under the climate change scenarios. Considering the complexities in EWR in water
resources allocation, the developed approach was demonstrated through application to the
city of Dalian, China.

2 Optimizing water resources considering ecological water requirements under
climate change
In long-term water resources management, decision makers should pay attention to
nonstationary and uncertain characteristics of ecological flow and water allocation
strategies. The nonstationary features of ecological flow arise from fluctuations in
watershed runoff. Previously, watershed runoff, which is correlated with rainfall, has
generally been analyzed using rainfall–runoff models (Watson et al., 2019). Traditionally,
8

climate change effects are described into multiple downscaled climate-change scenarios
related to future rainfall and temperature. Therefore, watershed runoff analysis must be
improved through incorporation of the relationship between runoff and rainfall under
various climate change scenarios. Also, methods of EWR analysis should incorporate
runoff variations with consideration of the relationship between rainfall and runoff under
the effects of climate change. Moreover, the risk attitude of stakeholders to water
allocation strategies influences the effectiveness of water allocation strategies. The risk
tolerance level (RTL) of stakeholders to water shortages should be considered to obtain
desired water allocation strategies.

This research proposed a comprehensive framework for water resources management
under changing climatic conditions based on integration of copula–MCMC simulations,
ecological flow analysis, and a CCP model under two climate change scenarios (Figure 1).
Four steps are adopted in the proposed approach: (i) tackling correlated features in
watershed rainfall and inflow based on copula–MCMC simulations, (ii) obtaining runoff
distributions using the copula sampling method under the climate change scenarios, (iii)
analyzing variations of EWR based on the VMF method with consideration of the runoff
distributions, and (iv) obtaining desired water allocation strategies based on the CCP
model taking into account environmental and water shortage risk.
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Fig.1 Framework for water resources management under climate change conditions

2.1 Inflow analysis
As precipitation and runoff are two correlated random variables, copula functions are
introduced to indicate the fluctuations of runoff and rainfall influenced by climate change
effects (Guo et al., 2017). According to Sklar’s theorem (Sklar, 1959; Zhang et al.,
2016b), copula functions can be used to describe the joint distributions of correlated
random variables. The joint probability density function (PDF) of the two random
variables [i.e., f X ,Y ( x, y) ] can be expressed as Equation 1 (Vergni et al., 2015):

f X ,Y ( x, y )  c  FX  x  , FY  y   f X  x  fY  y 

(1)

where X and Y are two correlated random variables (i.e., precipitation and runoff), FX(x)
and FY(y) are their marginal cumulative distribution functions (CDFs), respectively, c()
is the fitted copula function, and fX(x) and fY(y) represent the probability density functions
(PDFs) of X and Y, respectively. Multiple copula functions have been applied widely in
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watershed inflow analysis (e.g., Archimedean copulas, and Gumbel-Hougaard copula)
(Kong et al., 2015). For example, one-parameter Archimedean copulas have been used
widely in hydrologic frequency analysis (Kong et al., 2015). To select the best-fitted
copula functions, two indicators (i.e., root mean square error (RMSE) and Nash–Sutcliffe
efficiency (NSE)) were used to examine the performance of the copula functions
(Equations 2 and 3) (Sadegh et al., 2017).
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where the indicators of RMSE   0,   and NSE   ,1 indicate the extents of

f represents the joint probability in
variations in observed and predicted values, %
observed variables of precipitation and runoff, and f is their joint probability predicted
by copula functions.

2.2 Ecological water requirement under uncertain conditions
The VMF method can be used to analyze EWR (Pastor et al., 2014; Steffen et al., 2015).
As shown in Equation 4, the minimum EWR would be 30% of mean monthly flow
(MMF) during high-flow seasons, 45% of MMF during intermediate-flow seasons, and
60% of MMF during low-flow seasons; in extremely dry conditions (i.e., MMF < 1 m3
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s−1), there is no EWR allocation.

30%m, if m  80%a

EW  45%m, if 80%a  m  40%a
60%m, if m  40%a


(4)

where EW is the minimum amount of ecological water requirement, m indicates MMF,
and a is mean annual flow.

2.3 Water resources management based on chance-constraint programming
The CCP method is effective in reflecting the reliability of water shortage risk under
uncertainty. The CCP method does not require that all constraints be totally satisfied;
instead, they can be satisfied in a proportion of cases within given probabilities. A
general stochastic linear programming problem can be formulated as shown in equation 5
(Wu et al., 2015):

(5a)

max CX

s.t.

A(t ) X  B(t )

(5b)

x j  0, x j  X , j  1, 2, L , n

(5c)

where X is a vector of decision variables, and A(t), B(t), and C(t) are sets with random
elements defined on probability space T, where t T . To solve model (5), an
‘equivalent’ deterministic version can be defined. This can be realized using a CCP
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approach, which consists of fixing a certain level of probability pi   0, 1 for each
constraint i and imposing the condition that the constraint be satisfied with at least a
probability of 1  pi . The set of feasible solutions is thus restricted by the following
constraints:

Pr t | ai (t ) X  bi (t )  1  pi , ai (t )  A(t ), bi (t )  B(t ), i  1, 2, L , m

(6)

When ai are deterministic and bi are random, constraint (5b) can be converted into
Equation 7:

ai (t ) x  bi (t )( pi ) , i

(7)

Model 5 is transformed into the following CCP model (Equation 8):

max C X

(8a)

s.t.

ai (t ) x  bi (t )( pi ) , ai (t )  Ai (t ), bi (t )  Bi (t ), i  1, 2, L , m

(8b)

x j  0, x j  X , j  1, 2, L , n

(8c)

Consider a practical problem of water allocation to multiple water users during a dry
season. The manager could present the problem by minimizing allocation costs and
fulfilling water demand under random changes of watershed flow. Uncertain information
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regarding water supply and ecological runoff would occur under the background of
climate change. Thus, the CCP model could be adopted as follows (Equation 9).

m

n

q

min f   cijk xijk

(9a)

i 1 j 1 k 1

s.t.

Constraint 1: EWR per month (i.e., ewia ).

12

 ew

ia

a 1

 EWi  0, i

(9b)

Constraint 2: Water allocation to users, e.g., industries, agriculture, and residents.

m

x
i 1

ijk

 T jk , j , k
(9c)

Constraint 3: Balance of water demand and supply

12
m
m




x
m
l


ijk
 i  i  ewia 
a 1
i 1 j 1 k 1
i1
 i 1

m

n

q

 P

, i

Constraint 4: Nonnegative variables.
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(9d)

cijk , mi , li , xijk , ewia , Tijk  0, i, j , k

(9e)

where f is cost of water allocation management, cijk is per unit cost of water supplied by
the ith river for the kth water user of the jth district, xijk is the amount of water allocation
by the ith river for the kth water user of the ith district, ewia is the EWR in the ath month
for the ith water source, EWi

is the EWR of the ith river, Tijk is the water demand of

the kth water user in the jth district supplied by the ith river, mi is the supply capacity of
the ith local water source, and li is the water supply capacity of the ith transferred
water source.

3 Case study
Dalian, is an important coastal city in the south of Liaoning Province in China. The city
comprises eight districts, i.e., the Municipal zone and Jinzhou, Wafangdian, Pulandian,
Zhuanghe, Changhai, Changxingdao, and Huayuankou districts. Following recent
socioeconomic development, conflicts between water demand and water supply in Dalian
have become increasingly evident. The supply of water to most of the city depends on
local water sources such as the Biliu, Dasha, Yingna, Fuzhou, and Zhuang rivers, and the
transferred water source of the Hun River in the city of Fushun. The Hun River will
support a certain amount of Dalian’s water resource from 2025. The WMS in Dalian
comprises rivers, reservoirs, links, and water purifying plants. From the base year of 2010,
two planning horizons were considered in this study: 2025 and 2030. The objective of the
15

CCP model was to minimize the energy consumption of the WMS.

4 Results and discussions
4.1 Correlations between runoff and precipitation under climate change
Statistical data related to precipitation and runoff in Dalian were obtained from hydrology
yearbooks. Association parameters of precipitation and runoff were estimated based on
the copula–MCMC simulation in the framework of the Multivariate Copula Analysis
Toolbox (Sadegh et al., 2017). Suitability of the association parameters in the copula
functions was analyzed based on the methods of RMSE and NSE. The results of the
association parameters of precipitation and runoff are presented in Table 1. As indicated
by the indicators of RMSE and NSE, the best-fitted association parameters could be
described by the Frank copula function.

Table 1 Parameter estimation of precipitation and runoff in Dalian City
Copula
Functions
Gaussian
t
Clayton
Frank
Gumbel

RMSE
0.289
0.290
0.322
0.277
0.288

NSE
0.989
0.989
0.987
0.990
0.989

Mean values of association
parameters (θ)
0.3367
0.3354
0.4641
2.0506
1.2837

Unit: 10-3 MWh/t
Confdence intervals
(95%) of θ
[0.2861, 0.3897]
[0.2726, 0.3925]
[0.3595, 0.5957]
[1.6813, 2.4423]
[1.2261, 1.3629]

Referred to both Schneider et al. (2017) and Liu and Zuo (2012), daily precipitation data
under the background of climate change were driven by three general circulation models,
i.e., BCC-CSM1.1, BCC-CSM1.1(m), and BNU-ESM (hereafter, BC1, BC2, and BNU,
respectively). Moreover, it was assumed that the above data would follow RCP 4.5 and
RCP 8.5, achieving radiative forcing of 4.5 and 8.5 W m−2 , respectively, at the end of the
16

century (Riahi et al., 2011; Thomson et al., 2011). Thus, two planning years (i.e., 2025
and 2030) and six scenarios of climate change were considered in this study. The daily
precipitation data under the climate change scenarios were derived from downscaled
climate change scenarios related to the meteorological stations in Dalian obtained from
NWAI-WG data (http://stdown.agrivy.com). Monthly precipitation characteristics of the
watersheds of Dalian under the climate change scenarios are shown in Table S1. The
variations in precipitation of the watersheds of Dalian can be described as follows. In
relation to the Biliu and Yingna rivers, the maximum amount of precipitation in 2025 and
2030 was estimated under the climate change scenarios of RCP 8.5-BC2 and RCP
8.5-BC1, respectively, while the minimum amount of precipitation in 2025 and 2030 was
estimated under RCP 4.5-BNU and RCP 8.5-BC2, respectively. In relation to the Zhuang
River, the maximum amount of precipitation in 2025 and 2030 was estimated under the
climate change scenarios of RCP 8.5-BC1 and RCP 4.5-BC2, respectively, while the
minimum amount of precipitation in 2025 and 2030 was estimated under RCP 8.5-BNU
and RCP 8.5-BC1, respectively. In relation to the Dasha and Fuzhou rivers, the maximum
amount of precipitation in 2025 and 2030 was estimated under the climate change
scenarios of RCP 8.5-BC2 and RCP 8.5-BC1, respectively, while the minimum amount of
precipitation in 2025 and 2030 was estimated under RCP 4.5-BNU and RCP 8.5-BC2,
respectively.

4.2 Variations in runoff and precipitation under climate change
Incorporating the association parameters between precipitation and runoff, data analysis
was conducted based on the copula sampling method. From the correlated sampling data
17

related to precipitation amount and runoff velocity in the watersheds of Dalian, variations
in runoff velocity under climate change scenarios were obtained (Figure 2). Fluctuation
in runoff velocity influenced the amount of EWR greatly. To quantify the variations in
runoff velocity under the background of climate change, the indicator of the coefficient of
variation (CV) was introduced, estimated as the ratio of the standard deviation to the
mean value (Table S2). Of all Dalian’s watersheds, the Fuzhou River would have the
largest variation in runoff velocity under the RCP 4.5-BC1 and RCP 8.5-BNU scenarios,
while the Yingna River would have relatively small variations in runoff velocity under
the RCP 4.5-BNU and RCP 8.5-BC1 scenarios. In terms of climate change scenario,
runoff velocity in the Dalian watersheds would have small variations under RCP 8.5-BC2
in 2025 and under RCP 4.5-BNU in 2030. Meanwhile, runoff velocity in Dalian’s
watersheds would exhibite large variation under RCP 4.5-BNU in 2025 and under RCP
8.5-BC2 in 2030. Results indicated that runoff velocity in Dalian’s watersheds would
have small variation in winter (i.e., November–February).

18

Fig.2 Distributions of runoff velocity in Dalian’s watersheds under multiple climate
change scenarios based on the copula sampling method.

Similar to runoff velocity, runoff in Dalian’s watersheds varied according to the climate
change scenario (Table S3). For example, the Fuzhou River would have the largest
variations in runoff, while the Yingna River would have relatively small variation in
runoff under changing climatic conditions. The runoff of Dalian’s watersheds would be
supported mainly by the Biliu and Yingna rivers, accounting for nearly 60% of total
watershed runoff. In terms of climate change scenario, runoff in the watersheds of Dalian
would have small variations under RCP 8.5-BC1 in 2025 and under both RCP 4.5-BC2
and RCP 8.5-BC2 in 2030. Conversely, runoff in the watersheds of Dalian would have
19

large variations under RCP 8.5-BC2 in 2025 and under RCP 8.5-BC1 in 2030.

4.3 Ecological water requirement
The amount of EWR was influenced greatly by variation in runoff velocity under the
various climate change scenarios. Fluctuations of EWR are illustrated in Figure 3. It can
be seen that the Biliu and Yingna rivers would require more ecological water in
comparison with the other rivers in Dalian. As indicated by the CVs in ecological water
requirement (Table S4), the Fuzhou River would have the largest variation in EWR,
while the Yingna River would have relatively small variation in EWR. In terms of
climate change scenario, the EWR under RCP 8.5-BC1 and RCP 4.5-BNU would be
larger than that under the other scenarios in 2025 and 2030. Meanwhile, the EWR in the
watersheds of Dalian would have large variations under RCP 8.5-BC2 in 2025 and under
RCP 8.5-BC1 in 2030.

Fig. 3 Monthly ecological water requirement in Dalian (mean values) in 2025 and 2030.
Unit: m3/s.
20

4.4 Water resources optimization under changing climatic conditions
(1) Water resources management model
A water resources optimization model was applied to water allocation for multiple water
users (i.e., agricultural sector, industrial sectors, service sector, residents, and other users)
in the eight districts of Dalian (Table S5). Dalian’s water demands and supplies are listed
in Table S6. In consideration of the water allocation project from the Hun River to Dalian,
considerable energy would be supplied to the water resources management system in
Dalian (Table S7). Thus, energy consumption was chosen as the objective of the water
resources optimization model. The model could be presented to find desired water
allocation strategies by minimizing allocation energy consumption, guaranteeing
ecological runoff, and fulfilling water demands under the background of climate change.
Therefore, model (9) was changed into model (10):

5

8

5

min f   cijk xijk

(10a)

i 1 j 1 k 1

s.t.
12

 ew

ia

a 1

5

x
k 1

ijk

 EWi  0, i

 Tijk , j , i

12
 5

x
m
l





ijk
 i i  ewia 
i 1 j 1 k 1
a 1
 i 1
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(10b)

5

(10c)
 P

, i

(10d)

cijk , mi , li , xijk , ewia , Tijk  0, i, j , k

(10e)
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(2) Water allocation strategies under multiple climate change scenarios
Water allocation strategies in Dalian are described in Figures S1-S2 and Tables S8–S19.
Considering the influence of the risk attitude of stakeholders to water allocation strategies,
the RTLs of stakeholders to water shortages (i.e., 20%, 50%, and 80%) were incorporated
in the water resources management model. The water resources demands of Changhai,
Changxingdao, and Huayuankou districts would be supported by the Yingna and Fuzhou
rivers in 2025 and 2030. Water suppliers in the other districts would vary dramatically in
2025 under the effects of climate change, especially under RCP 4.5-BC1. Agriculture,
residents, and other users in Pulandian would benefit most from the Hun River water
transfer project. In terms of local water sources, the socioeconomic activities of the
Municipal zone and Jinzhou, Changhai, Changxingdao, and Huayuankou districts would
be supported mainly by the Biliu and Yingna rivers in 2025 and 2030. Except for the
services sector, water users in Pulandian and Zhuanghe would be supported mainly by the
Hun River. Meanwhile, the Hun River would play a more important role in Dalian’s
water supply in 2030 in comparison with its contribution in 2025. Under the influence of
the effects of climate change, the ratios of local water sources to transferred water sources
in 2025 would vary extensively in relation to the agricultural sector in Wafangdian,
Pulandian, and Zhuanghe districts, as well as the industrial sector and other users in
Zhuanghe. Conversely, the ratios in 2030 would not vary so dramatically.

(3) Water supply of the watersheds in consideration of ecological flows
Water supply would vary with RTL and the effect of climate change. Fluctuations of
water demand from transferred and local sources are presented in Table S20. Comparison
of the water supply under different climate change scenarios revealed the following. (a)
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The Yingna River would support more water resources under RCP 8.5-BC1 in 2025 and
RCP 4.5-BC1 in 2030 with RTL of 80%, and support less water resources under RCP
8.5-BC1 in 2025 with RTL of 20%. (b) The Biliu River would support more water
resources under RCP 8.5-BC1 in 2025 and 2030 with RTL of 20%, and support less water
resources under RCP 4.5-BC2 in 2025 with RTL of 80% and under RCP 8.5-BC2 in 2030
with RTL of 80%. (c) The Dasha and Zhuang rivers would support more water resources
under RCP 8.5-BC1 and RCP 4.5-BNU in 2025 with RTL of 20%. Conversely, the
amount of water supported by the Dasha and Zhuang rivers in 2030 would decrease
dramatically. (d) The Hun River would support more water resources under RCP 4.5-BC1
in 2025 and RCP 4.5-BNU in 2030 with RTL of 80%, and support less water resources
under RCP 4.5-BNU in 2025 with RTL of 20% and under RCP 8.5-BNU in 2030 with
RTL of 50%.

In consideration of the supply capacity of reservoirs in 2020, the water supplies of
reservoirs in 2025 and 2030 under the multiple climate change scenarios and RTLs of the
stakeholders are illustrated in Figure 4. As supported by the transferred water project
from the Dahuofang Reservoir on the Hun River, water supplies of most local reservoirs
would be fulfilled in 2025 and 2030, except for the Songshu and Liuda reservoirs.
Therefore, the current supply capacity of the Songshu and Liuda reservoirs should be
increased by 0.99–2.21 and 0.67–2.18 times, respectively, by 2025.

(2) Energy consumption
Under the desired allocation strategies of water resources, the amount of energy
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consumption in the Dalian WMS is presented in Table 2. Energy consumption would
increase in conjunction with the supply from the transferred water source. In detail,
compared with the supply in 2025, the increase of the water supply of the Hun River
would be 6942–33,772, 6942–25,472, and 2849–14,259 Mt with RTLs of 20%, 50%, and
80%, respectively. Concurrently, the amount of energy consumption would increase by
0.16–2.17, 0.16–1.03, and 0.06–0.34 times with RTLs of 20%, 50%, and 80%,
respectively.
Table 2 Energy consumption in water resources allocation of Dalian under changing
climatic conditions
Unit: MWh
2025

2030

RTLs
Climate
change scenarios

20%

50%

80%

20%

50%

80%

RCP4.5-BC1

7882

7887

9278

9150

9154

9866

RCP8.5-BC1

2957

4627

7918

9150

9154

10030

RCP4.5-BC2

3056

4656

8174

9150

9154

9943

RCP8.5-BC2

2889

4513

7698

9150

9154

10311

RCP4.5-BNU

2885

4591

8144

9150

9154

10209

RCP8.5-BNU

2920

4540

7868

9150

9154

9866
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Yingna (2025)

Yingna (2030)

Biliuhe (2025)

Biliuhe (2030)

Songshu (2025)

Dongfeng (2025)

Songshu (2030)

Liuda (2025)

Dongfeng (2030)

Legend:
S1: RCP4.5-BC1
S2: RCP8.5-BC1
S3: RCP 4.5-BC2
S4: RCP 8.5-BC2
Supply capacity
20% of stakeholders' risk tolerance level (RTL)

Liuda (2030)

S5: RCP4.5-bnu
50% of RTL

Dahuofang (2025)

Dahuofang (2030)

S6: RCP 8.5-bnu
80% of RTL

Fig. 4 The allocation of water resources under multiple climate change scenarios in consideration of reservoir supply capacity.
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5 Conclusions
Countries throughout the world face increasing challenges in terms of balancing water
supply and environmental protection. Although many previous studies have addressed
EWR, research on water resources allocation focusing on fluctuations in EWR and water
shortage risk in a WMS under the background of climate change is lacking. Thus, the
objective of this study was to improve the methods typically used for a WMS with
consideration of EWR under uncertain and risky conditions. A hybrid approach was
proposed to evaluate fluctuations in precipitation under multiple climate change scenarios,
analyze correlated features of runoff and precipitation, and incorporate variations in EWR
under precipitation fluctuations into water allocation management. In detail, precipitation
fluctuations were analyzed based on daily climate data from three general circulation
models under the RCP 4.5 and RCP 8.5 scenarios. Correlations between runoff and
precipitation were analyzed using a copula–MCMC simulation method. Fluctuations of
EWR were analyzed based on copula sampling and VMF methods. Desired water
allocation strategies were obtained based on a CCP model. The RTLs of stakeholders to
water shortages (i.e., 20%, 50%, and 80%) were incorporated in the water resources
management model. Based on the application of the developed method to water resources
management in the city of Dalian (China), the following conclusions were derived. (a)
The water resource demands of Changhai, Changxingdao, and Huayuankou districts
would be supported by the Yingna and Fuzhou rivers in 2025 and 2030. The water
suppliers in the other districts of Dalian would vary dramatically depending on the effects
of climate change and the RTLs of stakeholders, especially under RCP 4.5-BC1 in 2025.
(b) The EWR in the watersheds of Dalian would suffer large variations, especially under
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RCP 8.5-BC2 in 2025 and under RCP 8.5-BC1 in 2030. (c) In comparison with the
supply in 2025, the increase of water supply from the Hun River would be 6942–33,772,
6942–25,472, and 2849–14,259 Mt with RTLs of 20%, 50%, and 80%, respectively. (d)
The amount of energy consumption would increase by 0.16–2.17, 0.16–1.03, and
0.06–0.34 times with RTLs of 20%, 50%, and 80%, respectively, in conjunction with the
increase of water resources in the transferred project. (e) To fulfill the desired strategies
in terms of water allocation, the current supply capacity of the Songshu and Liuda
reservoirs should be increased by 0.99–2.21 and 0.67–2.18 times, respectively, in the
future. To obtain efficient strategies regarding water allocation in Dalian, it is crucial to
consider the influence of EWR and water shortage risk in water resources optimization.

Declarations
Ethical Approval All authors kept the ‘Ethical Responsibilities of Authors’.
Consent to Participate All authors gave explicit consent to participate in this study.
Consent to Publish All authors gave explicit consent to publish this manuscript.
Authors Contributions All authors contributed to and collaborated in this research.
Wencong Yue, Meirong Su, and Yanpeng Cai developed the methods. Wencong Yue,
Meng Xu, Qiangqiang Rong, and Chao Xu provided the case study for application of
the methods. Zhenkun Tan, Zhongqi Liu, Xuming Jiang, and Zhixin Su collected and
analysed the data.
Funding This work was supported by the National Key Research Program of China
(No.2016YFC0502800), the National Natural Science Foundation of China (No.
41801203, and 51809045), the Innovative Research Group of the National Natural
27

Science Foundation of China (Grant No. 51721093), the Natural Science Foundation
for Distinguished Young Scholars of Guangdong Province (No. 2017A030306032),
National Social Science Grant (20BGL190) and the Academician Workstation Project
of Dongguan (No. DGYSZ201806).
Competing Interests The authors declare that there are no conflicts of interest.
Availability of data and materials Detailed data and figures are provided as
supplementary information.
References
Acreman M (2016) Environmental flows basics for novices. Wiley Interdisciplinary
Reviews-Water 3:622-628.
Almazan-Gomez M, Sanchez-Choliz J, Sarasa C (2018) Environmental flow
management: An analysis applied to the Ebro River Basin. Journal of Cleaner
Production 182:838-851.
Benda L, Miller D, Barquin J, McCleary R, Cai T, Ji Y (2016) Building Virtual
Watersheds: A Global Opportunity to Strengthen Resource Management and
Conservation. Environmental Management 57:722-739.
Borgomeo E, Mortazavi-Naeini M, Hall J, Guillod B (2018) Risk, Robustness and Water
Resources Planning Under Uncertainty. Earths Future 6:468-487.
Bracken C, Holman K, Rajagopalan B, Moradkhani H (2018) A Bayesian Hierarchical
Approach to Multivariate Nonstationary Hydrologic Frequency Analysis. Water
Resources Research 54:243-255.
Brookfield AE, Gnau C (2016) Optimizing Water Management for Irrigation Under
Climate Uncertainty: Evaluating Operational and Structural Alternatives in the Lower
28

Republican River Basin, Kansas, USA. Water Resources Management 30:607-622.
Chen C, Zeng XT, Yu L, Huang GH, Li YP (2020) Planning energy-water nexus systems
based on a dual risk aversion optimization method under multiple uncertainties.
Journal of Cleaner Production 255.
Chen S, Xu JJ, Li QQ, Tan XZ, Nong XZ (2019) A copula-based interval-bistochastic
programming method for regional water allocation under uncertainty. Agricultural
Water Management 217:154-164.
Cook C, Bakker K (2012) Water security: Debating an emerging paradigm. Global
Environmental Change 22:94-102.
Gaivoronski A, Sechi GM, Zuddas P (2012) Cost/risk balanced management of scarce
resources using stochastic programming. European Journal of Operational Research
216:214-224.
Gao Y, Feng Z, Li Y, Li SC (2014) Freshwater ecosystem service footprint model: A
model to evaluate regional freshwater sustainable development-A case study in
Beijing-Tianjin-Hebei, China. Ecological Indicators 39:1-9.
Gibbs MS, McInerney D, Humphrey G, Thyer MA, Maier HR, Dandy GC, Kavetski D
(2018) State updating and calibration period selection to improve dynamic monthly
streamflow forecasts for an environmental flow management application. Hydrology
and Earth System Sciences 22:871-887.
Giuliani M, Castelletti A (2016) Is robustness really robust? How different definitions of
robustness impact decision-making under climate change. Climatic Change
135:409-424.
Guo AJ, Chang JX, Liu DF, Wang YM, Huang Q, Li YY (2017) Variations in the
29

precipitation-runoff relationship of the Weihe River Basin. Hydrology Research
48:295-310.
Haghighi AT, Fazel N, Hekmatzadeh AA, Klove B (2018) Analysis of Effective
Environmental Flow Release Strategies for Lake Urmia Restoration. Water Resources
Management 32:3595-3609.
He S, Yin XA, Yu CX, Xu ZH, Yang ZF (2018) Quantifying parameter uncertainty in
reservoir operation associated with environmental flow management. Journal of
Cleaner Production 176:1271-1282.
Huskova I, Matrosov ES, Harou JJ, Kasprzyk JR, Lambert C (2016). Screening robust
water infrastructure investments and their trade-offs under global change: A London
example. Global Environmental Change-Human and Policy Dimensions 41:216-227.
Kong XM, Huang GH, Fan YR, Li YP (2015). Maximum entropy-Gumbel-Hougaard
copula method for simulation of monthly streamflow in Xiangxi river, China.
Stochastic Environmental Research and Risk Assessment 29:833-846.
Lei XH, Tan QF, Wang X, Wang H, Wen X, Wang C, Zhang JW (2018) Stochastic
optimal operation of reservoirs based on copula functions. Journal of Hydrology
557:265-275.
Ling HB, Zhang P, Xu HL, Zhang GP (2016) Determining the ecological water allocation
in a hyper-arid catchment with increasing competition for water resources. Global and
Planetary Change 145:143-152.
Liu DL, Zuo H (2012) Statistical downscaling of daily climate variables for climate
change impact assessment over New South Wales, Australia. Climatic Change
115:629-666.
30

Liu J, Li YP, Huang GH, Zhuang XW, Fu HY (2017) Assessment of uncertainty effects
on crop planning and irrigation water supply using a Monte Carlo simulation based
dual-interval stochastic programming method. Journal of Cleaner Production.
149:945-967.
Lobanova A, Liersch S, Tabara JD, Koch H, Hattermann FF, Krysanova V (2017)
Harmonizing human-hydrological system under climate change: A scenario-based
approach for the case of the headwaters of the Tagus River. Journal of Hydrology
548:436-447.
Lv JP, Li YP, Sun J (2018) Monte Carlo simulation based interval chance-constrained
programming for regional ecosystem management A case study of Zhuhai, China.
Ecological Indicators 85:214-228.
Mayer A, Winkler R, Fry L (2014) Classification of watersheds into integrated social and
biophysical indicators with clustering analysis. Ecological Indicators 45: 340-349.
Miao C, Sun Q, Duan Q, Wang Y (2016) Joint analysis of changes in temperature and
precipitation on the Loess Plateau during the period 1961-2011. Climate Dynamics
47:3221-3234.
Nasr-Azadani F, Khan R, Rahimikollu J, Unnikrishnan A, Akanda A, Alam M, Huq A,
Jutla A, Colwell R (2017) Hydroclimatic sustainability assessment of changing
climate on cholera in the Ganges-Brahmaputra basin. Advances in Water Resources
108:332-344.
Nguyen-Huy T, Deo RC, An-Vo DA, Mushtaq S, Khan S (2017) Copula-statistical
precipitation forecasting model in Australia’s agro-ecological zones. Agricultural
Water Management 191:153-172.
31

O'Brien GC, Dickens C, Hines E, Wepener V, Stassen R, Quayle L, Fouchy K,
MacKenzie J, Graham PM, Landis WG (2018) A regional-scale ecological risk
framework for environmental flow evaluations. Hydrology and Earth System Sciences
22:957-975.
Pal S, Talukdar S (2020) Modelling seasonal flow regime and environmental flow in
Punarbhaba river of India and Bangladesh. Journal of Cleaner Production 252.
Pastor AV, Ludwig F, Biemans H, Hoff H, Kabat P (2014) Accounting for environmental
flow requirements in global water assessments. Hydrology and Earth System Sciences
18:5041-5059.
Prasad PR, Reddy N, Prasad N, Raju DN (2015) Integrated water resources assessment
and management in a small watershed - a geomorphic approach. Hydrology Research
46:180-191.
Psomas A, Panagopoulos Y, Stefanidis K, Mimikou M (2017) Assessing future water
supply and demand in a water-stressed catchment after environmental restrictions on
abstractions. Journal of Water Supply Research and Technology-Aqua 66:442-453.
RazaviToosi SL, Samani JMV (2016) Evaluating water management strategies in
watersheds by new hybrid Fuzzy Analytical Network Process (FANP) methods.
Journal of Hydrology 534:364-376.
Ren K, Huang SZ, Huang Q, Wang H, Leng GY, Fang W, Li P (2020) Assessing the
reliability, resilience and vulnerability of water supply system under multiple
uncertain sources. Journal of Cleaner Production 252.
Riahi K, Rao S, Krey V, Cho C, Chirkov V, Fischer G, Kindermann G, Nakicenovic N,
Rafaj P (2011) RCP 8.5—A scenario of comparatively high greenhouse gas emissions.
32

Climatic Change 109:33.
Sadegh M, Ragno E, AghaKouchak A (2017) Multivariate Copula Analysis Toolbox
(MvCAT): Describing dependence and underlying uncertainty using a Bayesian
framework. Water Resources Research 53:5166-5183.
Safavi HR, Golmohammadi MH, Sandoval-Solis S (2015) Expert knowledge based
modeling for integrated water resources planning and management in the
Zayandehrud River Basin. Journal of Hydrology 528:773-789.
Schneider C, Florke M, De Stefano L, Petersen-Perlman JD (2017) Hydrological threats
to riparian wetlands of international importance - a global quantitative and qualitative
analysis. Hydrology and Earth System Sciences 21:2799-2815.
Sklar A (1959) Fonctions de répartition à n dimensions et leurs marges. Institut
Statistique de l’Université de Paris Paris.
Steffen W, Richardson K, Rockström J, Cornell SE, Fetzer I, Bennett EM, Biggs R,
Carpenter SR, de Vries W, de Wit CA, Folke C, Gerten D, Heinke J, Mace GM,
Persson LM, Ramanathan V, Reyers B, Sörlin S (2015) Planetary boundaries:
Guiding human development on a changing planet. Science 347:1259855.
Tan Q, Huang G, Cai YP, Yang ZF (2016) A non-probabilistic programming approach
enabling risk-aversion analysis for supporting sustainable watershed development.
Journal of Cleaner Production 112:4771-4788.
Tarebari H, Javid AH, Mirbagheri SA, Fahmi H (2018) Multi-Objective Surface Water
Resource Management Considering Conflict Resolution and Utility Function
Optimization. Water Resources Management 32:4487-4509.
Thomson AM, Calvin KV, Smith SJ, Kyle GP, Volke A, Patel P, Delgado-Arias S,
33

Bond-Lamberty B, Wise MA, Clarke LE, Edmonds JA (2011) RCP4.5: a pathway for
stabilization of radiative forcing by 2100. Climatic Change 109:77.
Trindade BC, Reed PM, Characklis GW (2019) Deeply uncertain pathways: Integrated
multi-city regional water supply infrastructure investment and portfolio management.
Advances in Water Resources 134:103442.
Veettil AV, Mishra AK (2016) Water security assessment using blue and green water
footprint concepts. Journal of Hydrology 542:589-602.
Vergni L, Todisco F, Mannocchi F (2015) Analysis of agricultural drought characteristics
through a two-dimensional copula. Water Resources Management 29:2819-2835.
Wang S, Huang GH (2014) An integrated approach for water resources decision making
under interactive and compound uncertainties. Omega-International Journal of
Management Science 44:32-40.
Wang YY, Huang GH, Wang S (2017) CVaR-based factorial stochastic optimization of
water resources systems with correlated uncertainties. Stochastic Environmental
Research and Risk Assessment 31:1543-1553.
Watson A, Miller J, Fink M, Kralisch S, Fleischer M, de Clercq W (2019) Distributive
rainfall-runoff modelling to understand runoff-to-baseflow proportioning and its
impact on the determination of reserve requirements of the Verlorenvlei estuarine lake,
west coast, South Africa. Hydrology and Earth System Sciences 23:2679-2697.
Whateley S, Brown C (2016) Assessing the relative effects of emissions, climate means,
and variability on large water supply systems. Geophysical Research Letters
43:11329-11338.
Wu CB, Huang GH, Li W, Xie YL, Xu Y (2015) Multistage stochastic inexact
34

chance-constraint programming for an integrated biomass-municipal solid waste
power supply management under uncertainty. Renewable & Sustainable Energy
Reviews 41:1244-1254.
Xie YL, Huang GH, Li W, Li YF, Cui JX, Sun XW (2016) A Risk-Based Balance
Inexact Optimization Model for Water Quality Management with Sustainable
Wetland System Development-A Case Study of North China. Wetlands
36:S205-S222.
Xie YL, Xia DH, Huang GH, Li W, Xu Y (2017) A multistage stochastic robust
optimization model with fuzzy probability distribution for water supply management
under uncertainty. Stochastic Environmental Research and Risk Assessment
31:125-143.
Xu B, Zhong PA, Zambon RC, Zhao YF, Yeh WWG (2015) Scenario tree reduction in
stochastic programming with recourse for hydropower operations. Water Resources
Research 51:6359-6380.
Xu TF, Valocchi AJ (2015) A Bayesian approach to improved calibration and prediction
of groundwater models with structural error. Water Resources Research
51:9290-9311.
Xue J, Gui DW, Zhao Y, Lei JQ, Zeng FJ, Feng XL, Mao DL, Shareef M (2016) A
decision-making framework to model environmental flow requirements in oasis areas
using Bayesian networks. Journal of Hydrology 540:1209-1222.
Yang J, Chang JX, Wang YM, Li YY, Hu H, Chen YT, Huang Q, Yao J (2018)
Comprehensive drought characteristics analysis based on a nonlinear multivariate
drought index. Journal of Hydrology 557:651-667.
35

Yu L, Li YP, Huang GH, Fan YR, Nie S (2018) A copula-based flexible-stochastic
programming method for planning regional energy system under multiple
uncertainties: A case study of the urban agglomeration of Beijing and Tianjin.
Applied Energy 210:60-74.
Zeng XT, Huang GH, Zhang JL, Li YP, You L, Chen Y, Hao PP (2017) A stochastic
rough-approximation water management model for supporting sustainable
water-environment strategies in an irrigation district of arid region. Stochastic
Environmental Research and Risk Assessment 31:2183-2200.
Zhang CL, Li XM, Guo P, Huo ZL (2020) An improved interval-based fuzzy
credibility-constrained programming approach for supporting optimal irrigation water
management under uncertainty. Agricultural Water Management 238: 106185.
Zhang DD, Yan DH, Lu F, Wang YC, Feng J (2015) Copula-based risk assessment of
drought in Yunnan province, China. Natural Hazards 75:2199-2220.
Zhang HB, Singh VP, Zhang Q, Gu L, Sun WB (2016a) Variation in ecological flow
regimes and their response to dams in the upper Yellow River basin. Environmental
Earth Sciences 75:938.
Zhang RR, Chen X, Cheng QB, Zhang ZC, Shi P (2016b) Joint probability of
precipitation and reservoir storage for drought estimation in the headwater basin of the
Huaihe River, China. Stochastic Environmental Research and Risk Assessment
30:1641-1657.
Zhang W, Liu P, Wang H, Chen J, Lei XH, Feng MY (2017) Reservoir adaptive
operating rules based on both of historical streamflow and future projections. Journal
of Hydrology 553:691-707.
36

Figures

Figure 1
Framework for water resources management under climate change conditions

Figure 2
Distributions of runoff velocity in Dalian’s watersheds under multiple climate change scenarios based on
the copula sampling method.

Figure 3
Monthly ecological water requirement in Dalian (mean values) in 2025 and 2030. Unit: m3/s.

Figure 4
The allocation of water resources under multiple climate change scenarios in consideration of reservoir
supply capacity.
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