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Abstract: This paper addresses issues on adaptive water management under the impact of 
climate change. Based on a set of comprehensive indicators of water system, a decision 
making approach of multi-objects is developed and applied to quantify water adaptive man-
agement for the demands of water sustainable use, water environmental protection and 
eco-water requirement under the climate change. For this study in China, two key indicators 
are proposed, namely (1) the water resources vulnerability (V) that was represented by inte-
grated sensitivity (S) and resilience (C) of climate change impact on water resources, and (2) 
the sustainability of socio-economy and water environment, marked by DD, that is integrated 
scaler of socio-economic development (EG) based on the amount of GDP and the water en-
vironment and relative eco-system quality (LI). To find a reasonable solution for adaptive 
water management, a multi-objective decision making model of adaptive water management 
is further developed and the multi-objective model was transformed into an integrated single 
optimization model through developing an integrated measure function, called as VDD=DD/V. 
This approach has been applied to adaptive water resources planning and management for 
case study of China with new policy, called as the strict management of water resources 
based on three red line controls, i.e., the control of total water use by the total water re-
sources allocation, the control of lower water use efficiency by the water demand manage-
ment and the control of the total waste water load by water quality management in the East-
ern China Monsoon Region that covers major eight big river basins including Yangtze River, 
Yellow River, Haihe River and Huaihe River. It is shown that the synthetic representation of 
water resource vulnerability and socio-economic sustainability by the integrated objective 
function (VDD) and integrated decision making model are workable and practicable. Adaptive 
management effect of the criterion compliance rate and water use efficiency are more ap-
preciable through new water policy of the three red line controls, which can reduce 21.3% of 
the water resources vulnerability (V) and increase 18.4% of the sustainability of socio- 
economy and water environment (DD) for the unfavorable scenario of climate change in 
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2030. 
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1  Introduction 

The impact of climate change on water resource and the adaptive water management become 
a very important issue in the world and also in China (Bates et al., 2008; Xia et al., 2011; 
Akamani et al., 2011). There is much relative research and different definitions on adaptive 
water management at home and abroad (Govert, 1995; Sophocleous, 2000; Liao et al., 2004; 
Pahl-Wostl et al., 2005; Moglia et al., 2011). Based on relative research and analysis, the 
adaptive water management can be defined as a structured, iterative process of robust 
decision making in the face of uncertainty due to climate change, with an aim at reducing 
risk over time via system monitoring and time-variant planning and management. In this 
way, decision making simultaneously meets one or more resource management objectives 
and, either passively or actively, accrues information needed to improve future management. 
Adaptive management is a tool which should be used not only to change a system, but also 
to learn about the system (Holling, 1978). Adaptive management can improve long-run 
management outcomes based on a learning process. The challenge in using the adaptive 
management approach lies in finding the correct balance between gaining knowledge to im-
prove management in the future and achieving the best short-term outcome based on current 
knowledge (Allan et al., 2008). And according to those this paper gives its own definition of 
adaptive water management as the generation of the implementation of water resources 
planning and water management strategies, including adverse effects caused by climate 
changes on water resources. It adopts a systematic procedure for learning and adjusting to 
improve the policy and practice of water resource management. It is aimed at enhancing the 
adaptive capacity and management policy of a water system to reduce water resource vul-
nerability caused by environmental change and to realize socio-economic sustainable de-
velopment and sustainable utilization of water resources. 

Since the 1990s, many related studies of water resource adaptive management to cope 
with climate change have been carried out at home and abroad (Aronson et al., 1992; Govert, 
1995; Sophocleous, 2000; Liao et al., 2004; Gregory et al., 2006; Tong et al., 2006; 
Pahl-Wostl et al., 2008; Xia et al., 2008; Jin et al., 2010; Liu, 2010; Moglia et al., 2011), 
which mainly focused on the adaptive framework and countermeasures. For example, 
Govert D. Geldof considered the overall process of water resource integration management 
as a complex adaptive system to seek an equilibrium strategy adapted for constant change 
and to perform early water resource adaptive management (Govert, 1995). Pahl-Wostl pro-
posed that adaptive management has a general iterative process, including setting manage-
ment goals; establishing management policy; implementing, monitoring and evaluating pol-
icy; and evaluating national policy. After national policy evaluation, it will perform feed-
back on the original objectives and policies in the early stage loop iteration (Pahl-Wostl, 
2008). In order to use water resource efficiently, Gregory R et al. established a framework 
based on strategy analysis and applied adaptive management to the environmental policy of 
water resource utilization in British Columbia (Gregory et al., 2006). Tong Jinping et al. 
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ventured the architecture of water resources adaptive management for a river basin (Tong et 
al., 2006). Jin Shuai et al. analyzed defects of complexity, nondeterminacy and the current 
mode of management of water resources in a river basin. It proposed policy suggestions re-
garding five aspects, namely management environment, management system, deci-
sion-making mechanism, management, and scientific research function (Jin et al., 2010). Liu 
Fang proposed an organization structure related to adaptive water management in Shandong 
Province (Liu, 2010). Xia Jun proposed an evaluation tool for impacts of climate change 
(Xia et al., 2008). 

The critical concept of the effect of climate change on water resources includes vulner-
ability, resilience, adaptation and comprehensive risk. Based on the latest research results of 
SREX, IPCC AR5 expanded the evaluation framework of climate change risks, and they 
emphasized the interactive connection between exposure risk, vulnerability and adaptation 
that resulted from disasters and socio-economic development since 2012. The relationship is 
as shown in Figure 1 (IPCC, 2013). Based on the study of theories and methods related to 
water resource vulnerability, it focused on exploration of adaptive water management. It 
quantitatively studied the effects of climate change on water resources.  

 

 
 

Figure 1  Framework diagram of risks associated with the interaction of hazard, exposure and vulnerability 
related to climate 
(Note: The figure is originated from IPCC AR5, 2013.) 
 

Research at home and abroad has made some recent progress now. Adaptive water man-
agement lacks an interactive system linking evaluation and adaptation of water resource 
vulnerability, which results in separate study of the vulnerability and adaptability of water 
resources. It lacks a connection and can hardly reduce the vulnerability of a water resource 
through adaptive management. Consequently, this paper attempts to establish a connection 
between adaptation and vulnerability, based on water resource vulnerability evaluation, to 
explore the multi-objective optimization problems based on the nature of adaptive manage-
ment. It focuses on studies of conversion of multi-objects to single-objects to make adapta-
tion countermeasures feasible. 
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2  Framework of adaptive water management based on a decision making 
approach of multi-objects 

Nowadays water resources system issues include water supply and water demands problem, 
water pollution and eco-water demands problem. So adaptive water management is a com-
plex regulation system responding to climate change, involving multi-scales, processes 
(drainage basin hydrological processes, regional land surface processes, atmospheric circu-
lation processes), interactions and control targets associated with natural and 
socio-economic systems. To address climate changes for sustainable utilization and man-
agement of Chinese water resources, it involves the effect of climate change on changes in 
water resource availability, changes in water consumption associated with industry, agricul-
ture and environmental ecological use, as well as links to the balance between supply and 
demand for water resources and sustainable utilization of water resource problems. It is fur-
ther related to support for socio- economic sustainable development of water resources se-
curity. Consequently, the model needs to consider objective criteria for combating climate 
change. It is necessary to establish a multi-objective model and solving method to establish 
water resource adaptive management practices specific to climate change scenarios. 

2.1  Comprehensive indicators of water system 

Climate change has caused many types of influences and consequences on water resources: 
destruction of the balance between supply and demand, unsustainable socio-economic de-
velopment, and deterioration of the eco-environment are particularly significant. This study 
proposed two basic principles requiring adaptive water management related to quantitative 
research under the influence of climate change: 

1) Reducing water resources vulnerability (V) 
Water resource vulnerability refers to the degree of impacts of climate change on water 

resources (supply-demand relationship and configuration). It is expected that extreme 
weather events will become more frequent in the future. The pattern of southern floods and 
northern droughts will be further increased. In addition, the shortage of water resources will 
continue across the country, aggravating the water resources vulnerability. Consequently, 
adaptive water management requires the reduction of adverse effects on regional water re-
source vulnerability. 

From the report of the IPCC, disaster risk represents the intersection of weather, climate 
events, and system vulnerability. Clearly, the water resource vulnerability should not only 
consider the sensitivity of the climate, but also the resistance of the system to so-
cio-economic pressure. The adaptability is related to socio-economic scale, water resource 
endowment and exposure. Thus, the paper will extend the treatment of the core water re-
sources vulnerability to respond to climate change, population carrying capacity and so-
cio-economy under adverse conditions. The formula is (Xia et al., 2012; Chen, 2014): 
 VI = f (S, C, E, RI) (1) 
where VI is the vulnerability index, S is sensibility, C is resilience, E is exposure, and RI is 
the risk index. 

According to the IPCC report, Xia Jun et al. proposed that vulnerability should be evalu-
ated based on the effect of sensitivity and adaptability on water resources in response to 
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climatic variation (Xia et al., 2012; Chen, 2014): 
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where S(t) is the sensitivity function, C(t) is the resilience function or recoverable function, 
and t refers to evaluation time. 

When performing the evaluation of multi-attributes of the system, the formula can be 
synthesized as the vulnerability (Chen et al., 2014): 

    
1

2 3

( )
( ) ( )

1

( )
= ( ) ( )

( )

i
i

i i
n

i
i i

ii

S t
V E t RI t

C t


 



       
  (3) 

where V refers to comprehensive vulnerability, S(t)i refers to the sensibility of the water re-
source system on the ith paper evaluation, C(t)i refers to the resilience of the water resource 
system on the ith evaluation, E(t)i refers to the exposure of the water resource system on the 
ith evaluation, RI(t)i refers to the risk index of the water resource on the ith evaluation, and 
θi refers to the corresponding scale factor of the ith evaluation. 

2) Enhancing the sustainability of socio-economy and water environment (DD) 
First of all, sustainable development requires that the life-support system on the earth 

(such as air, water and soil) is not destroyed; namely, human well-being should be ensured 
at least under the conditions for survival within the maximum carrying capacity limits. Si-
multaneously, sustainable development encourages economic growth. However, it not only 
focuses on increasing quantity, but also on improvement of quality.  

Sustainable development is an approach to development that is based on protecting the 
natural environment, improving and enhancing the quality of life, and coordinating the car-
rying capacity of environmental resources. 

There are many current international and domestic studies on the problem of how to 
quantize sustainable development, which faces many challenges. We selected a quantitative 
indicator (DD) for the sustainability of socio-economy and water environment. Its basic 
concept is based on an approach to the measurement of current sustainable development, 
such as the social welfare function method and the index system method, through quantita-
tive description of fuzzy mathematics to combine the integrate DD indexes of two duplet 
sets. DD represents the integration of the index LI describing the water environment and 
relative eco-system quality with socio-economic development indicator EG described by the 
GDP function. DD is a quantized measure of sustainable development within the T time 
frame in the water resource system (dimensionless quantity), where DD(T)∈[0,1]. It can be 
expressed as (Xia et al., 2014): 

   1 2(T)= (T) (T)DD EG LI   (4) 

where LI is the water environment and relative eco-system quality, EG is socio-economic 
development as description of “economic growth”, β1 and β2 are exponential weights given 
to the quantized value of “economic growth” and the membership of “bearable”, respec-
tively. Values of β1 and β2 are assigned according to the degree of importance. 

DD(T) is a “scale” of “development” for the T phase. For the same system and phase, the 
larger the value of DD(T), the higher the degree of development will be and the higher the 
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benefits. Among them, “sustainability” can be defined as DD(T)≥DD(T–1). Thus, it can 

seek the optimal development approach through adjusting the internal structure and resource 
allocation, etc. 

(a) Actually, “bearable” membership LI(T) is a quantitative description of human exis-
tence in the environment. It can describe the “bearable” degree through membership in fuzzy 
mathematics. It assumes an indicator Yi(T) (where i is the index number and T is time phase) 
and selects the limit Yi0. The corresponding membership is μLI(Yi(T)). The bearable mem-
bership of the whole system is: 
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where n1 indicator considers whether or not the whole system is bearable, LI(T) refers to 
bearable membership of the whole system at the T phase, and ai refers to the index weight of 
the ith indicator. A value for ai is assigned according to the degree of importance of each 
indicator. 

(b) “Economic growth”, EG(T), is a quantitative description of economic growth. SP(T) is 
the economic index (such as gross national product, gross output values of industry and ag-
riculture, national income, per capita gross national product). The value of SP(T) for the ini-
tial year (the “basic unit” for the time quantum is set as a year) is set as the reference value 
SP0. To realize the nondimensionalization of the data, initialization can be performed as x = 
SP(T) / SP0. Actually, x is the economic growth ratio of any year relative to the initial year. 
The “economic growth index” is quantified as 

 ( )
x a

EG T
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



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where a is the undetermined coefficient and x = SP(T) / SP0. 

2.2  Analysis of regulation variables for reducing water resource vulnerability under 
climate change 

Decision variables for water resource adaptive management under the background of climate 
change refer to the applicable countermeasures in terms of human activities in response to 
climate change. Scholars at home and abroad, such as Xia Jun et al., proposed an evaluation 
model and method for assessing water resource vulnerability (Xia et al., 2012; Chen, 2014). 
The indicator system for water resource vulnerability includes three key indicators: wa-
ter-use driven mobilization level (r: use-to-availability as a percentage of water availability), 
water resource carrying capacity (P/Q: population per water unit), and per capita water use 
(WD/P: water intake in cubic meters per capita per year). The three indicators are closely 
related to the maximum available water resource (WDmax), total water consumption (WD), 
eco-water use (WE), minimum eco-water demand (WEmin), water use efficiency (WUE) and 
criterion compliance rate of the water function area (RWF), as well as other based indexes. The 
regulation variables can be further determined according to the internal relationship (Figure 2) 
between key indicators and the adaptability to combat climate change and the reduction of 
water resource vulnerability. These variables include the water resource multi-objective de-
cision variables: total water consumption (x1), water use efficiency (x2), criterion compli-
ance rate of the water function area (x3), and eco-water demand (x4).  
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Figure 2  Key index of water resource vulnerability and adaptation 
 

2.3  Multi-objective decision making model of adaptive water management under  
climate change 

Specific to regulation principles and the relationship between the vulnerability and adapta-
tion of regulation variables, the water quality of the water balance constraints is connected 
by the watershed hydrology model of the water resource system. Through extraction, the 
multi-objective optimization model of water resource adaptation can be built to combat cli-
mate change. The general structure of the objective function of the model is shown below:  

  1 2 nmax (X) max (X), (X) (X) , . . , 0F f f f s t X S X     ≥  (7) 

According to the physical status of the Eastern China Monsoon Region and the represen-
tative basin, we selected the following two key indicators as the multi-objective function.  

1) Decrease the target of vulnerability: 
The minimum water resource vulnerability (V) of each planned year of the region repre-

sents the maximum. Namely:  
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At the solution of the objective function optimization, it is necessary to transform the sub-
goal f2(X) to the maximum total goal, namely: 
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subject to the constraint condition: 
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where SDDT is the membership degree of the trend, WUm is the available water of the mete-
rage unit, WUEm is the water resources utilization rate of the meterage unit; (QEm,i)min is 
minimum demand discharge of the NO.m river basin, and QEm,i is the actual discharge of the 
NO.m river basin. 

2) Targets of the sustainability of socio-economy and water environment: 
The sustainability of socio-economy and water environment (DD) of each planned year of 

the region represents the maximum. Namely,  

 1
1

max( ( )) max ( ) /
N

T

f X DD T N


 
  

 
  (11) 

where DD is the quantized value (dimensionless quantity) of the sustainability of so-
cio-economy and water environment within the time frame T, where DD(T ∈) [0, 1].  

2.4  Multi-objective model solution 

The multi-objective model solution is a complicated nonlinear and dynamic planning prob-
lem. Because the water resources system under the climate change is a large-scale system, 
the multivariable solution is a typical high dimension problem. To solve the problem, the 
paper proposed a solving method to convert the multi-object to a single-object. According to 
the water resource vulnerability (V), the logical relationship between the sustainability of 
socio-economy and water environment (DD) and adaptive management can further simplify 
the multi-object to a single-object to establish a quantitative method for an integrated meas-
ure function called VDD. The core is economic growth that simultaneously considers dam-
age to the environment, namely, comprehensive benefit analysis of economic growth, envi-
ronmental loss, and water resources vulnerability. In addition, it studies the functional rela-
tionship and analyzes the comprehensive benefits of water resource regulation.  

Under the impact of climate change, the larger the water resource vulnerability, the 
weaker the water resources will be; the higher the sustainable development, the stronger the 

adaptive capacity of the water resource 
will be. It can be seen from the correla-
tion analysis in Figure 3 that the adap-
tive management object of a water re-
source is in direct proportion to its 
sustainable development, and it is in-
versely proportional to water resource 
vulnerability. This means that the 
adaptability of water resources manage-
ment goals and sustainable development 
may reach a high level.  

Consequently, the relationship between sub-objective functions can combine and simplify 
the multi-objective functional model of water resource adaptive management to the follow-
ing single objective function: 
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Figure 3  Tendency correlation analysis of VDD, V and DD 
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The goal of adaptive management is to select the adjustment measure for comprehensive 
benefit maximization. The objective function is as below: 
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Because the conversion is for a single objective function, each regulation variable has a di-
rect relationship with the target. Satisfactory solutions can be obtained through a physical 
feasible design domain to detect the optimal solution. The solution method is also simple 
and effective.  

3  Application of adaptive water resources planning and management  

3.1  Analysis of the status quo of water resources in the Eastern China Monsoon Region 

The approach above has been applied to adaptive water resources planning and management 
for case study of China with new policy, called as the strict management of water resources 
based on the three red line con-
trols, i.e., the control of total wa-
ter use by the total water re-
sources allocation, the control of 
lower water use efficiency by the 
water demand management and 
control of the total waste water 
load by water quality management 
in the study region that covers 
major eight big river basins in-
cluding Yangtze River, Yellow 
River, Haihe River, Huaihe River. 
This region, which is a back 
inland plateau and facing the sea, 
has about 45% of the country land 
area and 95% of the country’s 
total population. The vulnerability 
of water resources here has a sig-
nificant spatial anisotropy. 

Under current conditions (2000), 
the calculation results and space 
distribution of water resource 
vulnerability and sustainable de-
velopment in the Eastern China’s 
Monsoon Region are shown in 
Figures 4 and 5. The calculation 
results and the spatial pattern of 
the integrated development bene-

 

 
 

Figure 4  V: water resource vulnerability (2000)  
 

 

 
 

Figure 5  DD: degree of sustainable development (2000)  
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fit objective function are shown in 
Figure 6. The following indicators 
are adopted to calculate VDD, 
considering the main indicators of 
national water conservancy devel-
opment and the actual application 
data (Statistic Bulletin on China 
Water Activities et al., 2000–2011) 

such as Statistic Bulletin on China 
Water Activities. Among them, the 
economic performance index (EG) 
includes per capita GDP bearable 
indicators (LI), including the river 
length ratios of the five types of 
water.  

The analysis and evaluation indicate that, under the status quo, the coastal economic 
zones, the Beijing-Tianjin-Hebei region (with Beijing as the center), and the northeast part 
have rapid socio-economic development in China, in addition to drainage basins with severe 
water pollution in the Haihe River basin of North China. All of these regions have water 
resources vulnerability. Taking the Haihe River basin as an example, because the economic 
conditions are developed in association with serious environmental deterioration, the sus-
tainable development (DD) is at a minimum. Simultaneously, the water resource vulnerabil-
ity (V) is at a maximum. Thus, the VDD value of the water resource adaptation to environ-
mental deterioration is the worst. It can be seen from the analysis that the comprehensive 
characterization results of water resource vulnerability and sustainable development are ef-
fective and reasonable.  

From Figure 6, it can be seen that the regions with the worst integrated development ef-
fectiveness in the Eastern China Monsoon Region, where the values of VDD are lower than 
0.2, are mainly located in the Haihe River basin. The Haihe River basin is followed by the 
Yellow River and Huaihe River basins, where the VDD values are between 0.2 and 0.4. 
Most of the other regions, such as the Yangtze River basin, have moderate integrated devel-
opment effectiveness, where the VDD value is between 0.4 and 0.6. The VDD value at the 
westernmost part of the Yangtze River basin is the highest, indicating the best integrated 
development effectiveness. From the above analysis, adaptive management measures are 
urgently required for improving the integrated development effectiveness of the water re-
sources of the river basins. 

3.2  Adaptation control analysis for secondary drainage basins of the Eastern China 
Monsoon Region based on national policy under future climate conditions 

Because the impact of climate changes on the water resources in the future has not been de-
termined, it is appropriate to use the most adverse scenario analysis in terms of climate 
change based on the principle of “the minimum regret”. It is an efficient approach to risk 
analysis of the nondeterminacy of climatic variation. The future climate change scenarios 
include the Representative Concentration Pathways emission scenarios RCP2.6 (low), 

 

 
 

Figure 6  VDD: development and comprehensive benefits (2000)  
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RCP4.5 (moderate) and RCP8.5 
(high). This research adopted 
RCP4.5, which is close to the 
emission situation of 2030 in the 
future. Analyses of various possi-
ble impacts on inflow and water 
consumption are carried out, and 
the unfavorable scenario (minimum 
runoff) of climate change in 2030 
is selected for the analysis of diff-
erent adaptive countermeasures and 
measures based on VDD. The corr-
esponding VDD results of the 
unfavorable scenario of climate 
change in 2030 are shown in Figure 7. 

The VDD value of each drainage basin has decreased in terms of the worst situation 
compared with that of the year 2000, namely, the integrated development effectiveness has 
become worse. This indicates that the sustainable development tendency of the water re-
source encounters a critical challenge.  

The following adaptive control measures will be adopted for the unfavorable scenario of 
climate change in 2030 according to sustainable development and for the strict management 
of water resources: (1) regulation of the total water consumption of 700 billion m3 and revi-
sion of the decomposed total quantity control in the each river basin of Eastern China Mon-
soon Region; (2) water use efficiency regulation (agriculture, industry, life), where the water 
use efficiency in 2030 will reach the world “advanced” level, the industrial added value per 
every ten thousand RMB will decrease below 40 m3, and the efficient utilization coefficient 
of irrigation water will be above 0.6; (3) water quality management regulation to determine 
the threshold for allowable limits for dirty accommodation in the water functional area, 
where the main control of the total quantities of the main contaminants should be within the 
water functional area until 2030 and the criterion compliance rate of water function area will 
be up to 95%; (4) eco-water regulation for rivers and lakes, where the minimum eco-water 
demand of the water resource plan will gradually improve the assurance rate of eco-water 
utilization before 2030.  

To seek the path of adaptive water management in the Eastern China Monsoon Region, 
we need to analyze the effect of different management strategies and the optimal counter-
measure proposal. The combination of regulatory decisions is shown in Table 1. 

According to the target (i.e., theories and methods of adaptive water management under 
climate change), we completed the adaptive management analysis of the 15 different sce-
narios, which focused on those of schemes 1, 2, 3, 4, and 15. 

Results of the analyses of V and DD after each single control and the integrated control 
are shown in Figures 8 and 9. Results of the analyses of ΔV(%) and ΔDD(%) after control-
ling countermeasures are shown in Figures 10 and 11. 

The spatial distribution of the VDD results for secondary drainage basins of the Eastern 
China Monsoon Region after each single control and the integrated control are shown in 
Figures 12–16. 

 

 
 

Figure 7  VDD for the unfavorable scenario of climate change in 2030  
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Table 1  Combination of regulatory decisions 

Control variables (Decision variables) 
Scheme 

Water consumption Water use efficiency Criterion compliance rate Eco-water 

1 ●    

2  ●   

3   ●  

4    ● 

5 ● ●   

6 ●  ●  

7 ●   ● 

8  ● ●  

9  ●  ● 

10   ● ● 

11 ● ● ●  

12 ● ●  ● 

13  ● ● ● 

14 ●  ● ● 

15 ● ● ● ● 

 

 
 

Figure 8  Result analysis of V after control 

 

 
 

Figure 9  Result analysis of DD after control 
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Figure 10  Result analysis of V (%) after control 

 

 
 

Figure 11  Result analysis of ΔDD (%) after control 

 
According to the above analysis, 

it can be seen that the effect after 
different control schemes is differ-
ent for the unfavorable scenario of 
climate change in 2030 in the eight 
river basins of the Eastern China 
Monsoon Region. For the goal of 
reducing water vulnerability, the 
most sensitive single controls in-
clude water use efficiency and the 
criterion compliance rate control, 
followed by water consumption and 
eco-water control. For the goal of 
sustainable management of water 
resources, the most sensitive single controls are the criterion compliance rate control, fol-
lowed by water use efficiency, eco-water control and water consumption. In the satisfactory 

 

 
 

Figure 12  VDD after the control of water consumption (scheme 1) 
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set for the targets of V and DD, 
scheme 15 is optimal, as it results 
in a 21.3% decrease in V and an 
18.4% increase in DD. Different 
from previous studies, this paper 
provides a method to quantify the 
change of the vulnerability and 
sustainable development for each 
river basin after different measures 
are taken. For example, after tak-
ing comprehensive control meas-
ures (scheme 15), V of the Haihe 
River basin has a reduction of 
33.1%, while V of the Huaihe 
River basin decreased by 25.4%, 
and V of the Yellow River Basin 
decreased by 16.6%; also DD of 
the Haihe River basin increased as 
high as 18.69%, while DD of the 
Huaihe River Basin increased by 
15.6%, and DD of the Yellow 
River basin increased by 10.4%. 

It can be seen from the spatial 
distribution of results that VDD 
values in certain regions will be 
improved to varying degrees. The 
influences of different measures 
are different for different drainage 
basins: after regulation of the total 
water consumption, VDD at the 
middle of the Songhua and Yang-
tze River basins attained an aver-
age value. The integrated devel-
opment effectiveness will be raised 
to a higher level. After regulation 
of ET, the integrated development 
effectiveness in the eastern Yellow 
River basin and northwestward in 
the Liaohe River basin will be 
promoted to a higher level. After 
regulation of the criterion compli-
ance rate of the water function 
area, the VDD value will vary for 
a small number of areas in the 

 

 
 

Figure 13  VDD after the control of water use efficiency (scheme 2) 
 

 

 
 

Figure 14  VDD after the control of the criterion compliance rate 
(scheme 3) 
 

 

 
 

Figure 15  VDD after the control of eco-water (scheme 4)  
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Yellow River, Haihe River and 
Liaohe River basins. The VDD val-
ues will increase to various degrees 
after regulation of eco-water utiliza-
tion in certain drainage basins. From 
that, it can be seen that the VDD 
values will determine the influence of 
different control measures on the de-
gree of benefit to the integrated de-
velopment of the river basin, and it 
will choose the most targeted meas-
ure as the most effective adaptive 
control measure.  

4  Conclusions 

1) The paper focuses on studies of the transformation of multi-objects to single-objects  
based on interactive cooperation between water resource vulnerability and adaptive man- 
agement. It proposed a comprehensive development benefit function (VDD) for coupling 
“development indicator measurement” (DD) and “water resource vulnerability” (V). In 
addition, it verified the feasibility and rationality of expressing the VDD function through 
examples. Eventually, it proposed a theoretical basis for specific adaptive management meas-
ures.  

2) The calculation results and space distribution analysis of VDD in the Eastern China 
Monsoon Region showed that the influence of climate change on water resources is signifi-
cant in this region. Thus, it is urgently required to take adaptive management measures to 
improve the integrated development effectiveness of the water resources of the river basins. 

3) Based on the integrated measure function VDD, this approach has been applied to 
adaptive water resources planning and management for case study of China with new policy, 
called as the strict management of water resources based on the three red line controls, i.e., 
the control of total water use by the total water resources allocation, the control of lower 
water use efficiency by the water demand management and the control of the total waste 
water load by water quality management in the Eastern China Monsoon Region. The results 
showed that the effects in certain regions are more appreciable than in others and that rela-
tively sensitive control variables can be recognized. Adjustment measures can be specifi-
cally proposed. It turned out that the single control effect of the criterion compliance rate 
and water use efficiency are more obvious, and the integrated control of the four measures 
gains the most significant effect, which can cause a significant increase in the comprehen-
sive benefits of sustainable development. The single control effect can enhance the sustain-
able development of comprehensive benefits, and it can alleviate the water resources vul-
nerability under climate change mitigation within the maximum range. And for the unfavor-
able scenario of climate change in 2030, adaptive management effect of the criterion com-
pliance rate and water use efficiency is most appreciable through new water policy of the 
three red line controls, which can reduce 21.3% of the water resources vulnerability (V) and 
increase 18.4% of the sustainability of socio-economy and water environment (DD). 

 

 
 

Figure 16  VDD after the integrated control (scheme 15)  
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