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Abstract
Climate change leads to great impact on hydrological cycle and consequently affects
water resources management. Historical strategies are no longer applicable under a
changing environment. Therefore, adaptive management, especially adaptive operation
rules for reservoirs, has been developed to mitigate the potential adverse impacts of
climate change. However, previous studies generally provide a similar framework for
adaptation strategies of individual reservoir without consideration of cascade reservoirs in
the future scenario. This study derives adapting operation rules for cascade reservoir
system based on future projections (2021–2100) of two global climate change models
(GCMs). By using Pareto archived dynamically dimensioned search (PA-DDS) algorithm
with maximization of water supply and power generation, the performance of the
adaptive operation rule curves is compared with the designed operation rule. The results
demonstrate that Pareto solutions of the PA-DDS algorithm provide a wider, more
optimal range of annual power generation and water supply, and the projection pursuit
method can select the best. The adaptive operation rules focusing on power generation
can significantly increase the cascade reservoir annual power generation (by 3.7% in
GCM-BCC or 4.8% in GCM-BNU), which shows that the proposed method can adapt
future climate change.
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1 Introduction

Climate change, rapid socio-economic development and further growth of the human popu-
lation are regarded as three major factors for increasing water-related issues. According to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC 2014),
high greenhouse gas concentrations have led to increase in global average precipitation and
temperature over land, particularly over high-latitude regions of the Northern hemisphere.
Since the climate system is interactive with hydrological cycle, changes in precipitation and
temperature would lead to impacts on river flows (Zhang et al. 2017), which may cause further
stress on water resources management by altering the quality and quantity of water availability.
Therefore, it is of great importance to adjust current water management strategy in the context
of changing climate (Turner et al. 2017; Wu et al. 2017; Yang et al. 2016).

Reservoirs, as one of the most efficient infrastructure constructions in water resources
management (Li et al. 2019; Xu et al. 2019), can be properly operated to mitigate the potential
adverse impacts of climate change. It is particularly appropriate for many locations where
water resources are limited and inter-annual climatic variability is high (Villarin 2019; Villarin
and Rodriguez-Galiano 2019). Strong reliance on reservoirs may lead to major pressure from
future changes, which requires a balance between climate change and its effects on water
availability as well as the development of water demand (Majone et al. 2016; Tornes et al.
2014). A large number of researches have been focused on the integration of climate change
and reservoir operation. Eum and Simonovic (2010) proposed an integrated water resources
management system for a Korean river basin to derive the optimal rule curve for multipurpose
reservoirs under three different climatic conditions. Georgakakos et al. (2012) used a decision
model to assess the value of adaptive reservoir management versus traditional operation
practices for Northern California under four future scenarios. Yang et al. (2016) compared
the dynamic programming method and the non-dominated sorting genetic algorithm-II for
deriving multipurpose operation rules to adapt to climate change and to alleviate the conflicts
between future hydropower generation and water supply of China’s Danjiangkou reservoir. All
above literatures demonstrate that adaptive operation on reservoirs is useful to support water
resources development and management under future climate change.

However, these research efforts generally provide a broadly similar framework for adapta-
tion strategies of individual reservoir, which cannot meet practical requirement with more
reservoirs being put into use (Yu et al. 2014). Although cascade reservoir reoperation is proven
to deal with water supply and demand patterns well (He et al. 2019; Vonk et al. 2014), only a
limited number of studies have been conducted to investigate the climate adaptability of such
complex cascade reservoir over the past decades. Wondimagegnehu and Tadele (2015) dealt
with evaluation of climate change on operation of the Blue Nile Basin cascade reservoir and
used HEC-ReSim model to project the average annual power generation of each reservoir with
comparison of the base period. Feng et al. (2018) evaluated the impacts of future climate
changes on long-term hydropower generation in the Jinsha river and adopted a gravitational
search algorithm to realize the generation maximization of the cascade hydropower stations. It
further reveals that a derivation of joint operation rules for adaptation to climate change would
be necessary in water resources planning and management (Lopez-Moreno et al. 2014).

The aim of the paper is to explore the impact of future climate change on cascade reservoir
operation and to analyze the adaptive operation rules derived by the Pareto archived
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dynamically dimensioned search (PA-DDS) algorithm (Asadzadeh and Tolson 2012). With a
case study of Hanjiang River basin, one of the important strategic areas in China for the South-
to-North Water Diversion Project, the adaptive operating rules are designed to alleviate the
conflicts between future power generation and water supply while considering the climate
change applied to future projections (2021–2100) of two Global Climate Change Models
(GCMs). The rest of the paper is organized as follows: Section 2 describes the reservoir
characteristics and data collection; Section 3 illustrates the multi-objective reservoir operation
model and the optimization procedure for adapting climate change; Section 4 analyzes the
performance of the adaptive rules; Section 5 ends with the conclusions.

2 Study Area and Data Collection

2.1 Hanjiang River Basin

The Hanjiang River basin (in Fig. 1) is located between 107 and 115°E longitude and 30–35°N
latitude. The river has a main stream length of 1577 km with a drainage area of 159,000 km2. It
emerges from the southern of Qinling Mountain, flows from northwest to southeast and finally
merges into the Yangtze River. This mountainous region lies in the humid zone with a
subtropical monsoonal climate. The mean annual temperature ranges between 14 and 16 °C.
Annual precipitation varies between 700 mm and 1100 mm with almost 70–80% of the total
amount occurring in flood seasons (from May to October), during which the freak rainstorms
in early summer and persistent rains in autumn often cause great floods.

The Ankang reservoir and Danjiangkou reservoirs are situated at the upper and middle
reach of the Hanjiang River basin, respectively. The Ankang reservoir serves mainly for

Fig. 1 Location of the Hanjiang River basin and two reservoirs

Optimizing Operation Rules of Cascade Reservoirs for Adapting Climate... 103



hydropower generation. The Danjiangkou reservoir is the only reservoir in Hangjiang basin
involved in the Middle Route of the South-to-North Water Transfer Project in China for water
supply. Its main functions include flood control, water supply, hydropower generation and
irrigation. The characteristic parameter values of the Ankang and Danjiangkou reservoirs are
given in Table 1 (Yang et al. 2017).

2.2 Reservoir Operation Rules

For the Ankang reservoir with its main function of hydropower generation, one form of
reservoir operation rules (in Eq. (1)) proposed by Yeh (1985) is employed here for simplifi-
cation since it was widely used in many operation rule researches (Celeste and Billib 2009;
Yang et al. 2017): the water release of the Ankang reservoir (Qout, t) is determined by the
reservoir storage at the beginning of the current time period (Vt) and the inflow during the
period for each 10-day period (Qin, t):

Qout;t ¼ at⋅ Vt þ w⋅Qin;t

� �þ bt t ¼ 1; :::; T ð1Þ
where at, bt are volume and free coefficients in period t, respectively. w is a unit-converter
coefficient.

The designed operation rule of Danjiangkou reservoir for water diversion formu-
lated by Ministry of Water Resources (MWR 2016) is shown in Fig. 2. The reservoir
water level should be maintained above 145 m during the entire operating period, but
it must not exceed 160 m, 163.5 m and 170 m during summer flood season, autumn
flood season and dry season, respectively. Water diversion decision is divided into
five decision zones based on these water supply curves: reduce zone II, reduce zone I,
normal zone, increase zone I and increase zone II. Each zone decides a fixed amount
of water diversion according to the official regulation (MWR 2016). For example, if
the water level at the beginning of November is lower than 147 m, water diversion
reduction should be maintained below 20% of planned water supply, or if the water
level is higher than 147 m but less than 155 m, water diversion reduction is fixed less
than 15% of planned water supply. When water level falls into the normal zone, the
flow for water diversion is the designed value. When water level rises into the
increased zone I or increased zone II, the flow increment should not exceed 5% or
15% of planned water supply.

Table 1 Characteristic parameter values of the cascade reservoirs

Reservoir Ankang Danjiangkou

Crest elevation (m) 338.0 176.6
Normal pool water level (m) 330.0 170.0
Flood limited water level in summer (m) 325.0 160.0
Flood limited water level in autumn (m) 325.0 163.5
Inactive water level (m) 305.0 150.0
Fluctuating water level (m) 300.0 145.0
Total storage capacity (billion m3) 3.34 33.91
Flood control capacity in summer (billion m3) 0.36 14.10
Flood control capacity in autumn (billion m3) 0.36 11.10
Installed hydropower capability (MW) 800 900
Regulation ability yearly multi-year
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2.3 Data

Observed daily precipitation and temperature data of 8 meteorological stations from 1971 to
2005 are collected from China Meteorological Data Sharing Service System (CMA 2018) and
treated as the datasets of base period. These stations are evenly distributed over the Hanjiang
River basin (Yang et al. 2016), their annual average precipitation, annual average maximum
and minimum temperature data are shown in Table 2. The streamflow time series of 1980–
2005 at Ankang station (the inflow of Ankang reservoir) and restored inflow of the
Danjiangkou reservoir are provided by the Bureau of Hydrology of the Changjiang (Yangtze
River) Water Resources Commission.

Climate change projections of future precipitation and temperature are generated from two
GCMs under a greenhouse gas emission scenario. The two GCMs, i.e., the BCC-CSM1.1(m)

Fig. 2 The designed operation rules for water diversion of Danjiangkou reservoir

Table 2 Annual average precipitation and maximum, minimum temperature during 1971–2005 at 8 meteoro-
logical stations

Station Station code Latitude Longitude Temperature (°C) Precipitation (mm)

Minimum Maximum

Lueyang 57,106 33°19′ 106°09′ 9.5 19.1 793
Foping 57,134 33°32′ 107°59′ 7.7 18.2 899
Shangzhou 57,143 33°52′ 109°58′ 8.3 18.8 673
Zhenan 57,144 33°26′ 109°09′ 8.8 19.5 767
Xixia 57,156 33°18′ 111°30′ 10.8 20.8 845
Shiquan 57,232 33°03′ 108°16′ 10.6 20.3 883
Wanyuan 57,237 32°04′ 108°02′ 10.9 20.1 1245
Ankang 57,245 32°43′ 109°02′ 11.8 20.9 816
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(GCM-BCC) and the BNU-ESM (GCM-BNU), are developed by Beijing Climate Center and
Beijing Normal University, respectively. They have different horizontal resolutions (1.125° lat.
×1.125° long. For GCM-BCC and 2.8° lat. ×2.8° long. For GCM-BNU). We take both of them
into our case study because both have good performance and wide applications in China (Shen
et al. 2018; Wang et al. 2018). Although the Intergovernmental Panel on Climate Change
(IPCC 2014) provides a new set of integrated scenarios to investigate some climate change
issues, only Representative Concentration Pathway (RCP8.5) is accepted here as the worst
case scenario, since the research basin is one of the most crucial strategic areas in China and
decision-makers need to make the worst plan for the adequate preparation. The outputs of the
GCM-BCC and GCM-BNU not only cover the historical period of 1971–2005 as a reference,
but also cover 2021–2100 for the future period.

3 Methodology

The flowchart of multi-objective operation rules of cascade reservoirs for adapting climate
change consists of the following three modules as shown in Fig. 3: (1) the outputs of
precipitation and temperature are statistically downscaled into basin scale and used to project
future flow discharge with the help of the Variable Infiltration Capacity (VIC) hydrological
model; (2) the distribution of non-dominated solutions derived by the PA-DDS algorithm is

Fig. 3 Flowchart of multi-objective operation rules of cascade reservoirs for adapting climate change
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analyzed with a reference of the designed solution; (3) the final module compares operation
rules and determines the best one by projection pursuit method.

3.1 The Daily Bias Correction Method

Since the spatial resolution of GCM outputs is often too coarse and biased to be used directly
by hydrological model for impact assessment, dynamical and statistical downscaling tech-
niques have been proposed to bridge these gaps in the last decades (Wilby et al. 2002). Due to
that both two GCMs in our study do not contain large-scale variables (atmospheric circulation
factors) which serve as predictors for particular downscaling methods, such as artificial neural
networks (Coulibaly et al. 2005), statistical downscaling model (Wilby et al. 2002), the daily
bias correction method proposed by Chen et al. (2013) is applied in downscaling and bias
correction for its ease of implementation and no need of large-scale variables.

The daily bias correction method is a hybrid method of combining the daily translation and
the local intensity scaling method, which corrects not only the precipitation frequency and
quantity, but also the frequency distributions of precipitation amounts and temperatures. The
local intensity scaling method is firstly taken to correct the precipitation occurrence, to ensure
that the frequency of the precipitation occurrence of corrected data series at the reference
period equals that of the observed for a month. Then, instead of applying the same factor to
scale the daily precipitation for a particular month, the daily translation method is adopted to
modulate the changes as a function of percentile differences in the frequency distribution of
precipitation (or temperature) between climate model and observation (Chen et al. 2013).

3.2 Runoff Simulation and Projection

Liang et al. (1994) introduced the VIC model, a macro-scale distributed hydrological model
which has been widely used for flow forecasting and climate change impact studies. The VIC
model has one kind of bare soil and different vegetation types in each grid cell. It contains both
the saturation and infiltration excess runoff processes in a grid cell with a consideration of the
sub grid-scale soil heterogeneity, and the frozen soil processes under the cold climate condi-
tion. The evaporation consists of three parts: evaporation from the canopy layer of each
vegetation class, dry canopy and bare soil. The moisture transfer between soil layers obeys
the Darcy law and the vertical soil is described by the one-dimensional Richard equation. The
linear Saint-Venant method for channel flow and the routing model represented by the unit
hydrograph method for overland flow, allow runoff to be predicted (Liang et al. 1994). The
ability of the VIC model to simulate hydrological processes at a wide range of spatial scales
has been well established through application to catchment ranging from small scales (Vonk
et al. 2014) to continental and global scales (Endalamaw et al. 2017).

3.3 Objective Functions and Constraints

Two objective functions of maximizing water supply and power generation are involved in this
study, which can be expressed as Eqs. (2) and (3):

Max W ¼ ∑
M

i¼1
∑
T

t¼1
Qd

i;t⋅Δt ð2Þ
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Max E ¼ ∑
M

i¼1
∑
T

t¼1
Ni;t⋅Δt; Ni;t ¼ Ki⋅Qp

i;t⋅Hi;t ð3Þ

The constraints are listed as following:

(1) Water balance equation:

Vi;tþ1 ¼ Vi;t þ Qin
i;t−Q

out
i;t −Q

d
i;t

� �
⋅Δt−EPi;t ð4Þ

(2) Connection of streamflow between reservoirs:

Qin
i;t ¼ Qout

i−1;t þ Qint
i;t ð5Þ

(3) Reservoir water level limits:

Zmin
i;t ≤Zi;t ≤Zmax

i;t ð6Þ

(4) Water requirement at downstream:

Qmin
i;t ≤Qout

i;t ≤Q
max
i;t ;Qout

i;t ¼ Qp
i;t þ Qs

i;t ð7Þ

(5) Power generation limits:

Pmax
i;t ≤Ni;t ≤Pmax

i;t ð8Þ

(6) Boundary constraints:

Zi;t ¼ Zbegin
i t ¼ 1
Zend
i t ¼ T

�
ð9Þ

where

W (m3) the sum of the water supply yield
E (kWh) the total hydropower generation of cascade reservoirs
M the number of reservoirs
T the number of time periods
Δt (s) the interval time during a single period
Ki hydropower generation efficiency of the ith reservoir
Hi,t (m) average hydropower head of the ith reservoir at time t
Ni,t (kW) power output of the ith reservoir at time t
Vi, t,Vi, t + 1 (m3) the storage of the ith reservoir at time t and t + 1, respectively.
EPi, t (m3) sum of evaporation and leakage of the ith reservoir at time t.
Qin

i;t (m
3/s) inflow of the ith reservoir at time t

Qout
i;t (m3/s) outflow discharge of the ith reservoir at time t

Qd
i;t (m

3/s) water supply flow of the ith reservoir at time t;
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Qs
1;t is set 0 since the Ankang reservoir does not supply water for MSWTP

Qp
i;t (m3/s) water release through turbine of the ith reservoir at time t

Qs
i;t (m

3/s) water release through spillway of the ith reservoir at time t
Qint

i;t (m
3/s) inflow of intervening basin between the i-1th and ith reservoir at time t

Zi, t (m) water level of the ith reservoir at time t
Zmin
i;t

i;t, Zmax
i;t

i;t

(m)
minimum and maximum water level of the ith reservoir at time t,
respectively

Qmin
i;t

i;t, Qmax
i;t

i;t (m3/
s)

minimum and maximum outflow discharge of the ith reservoir at time t,
respectively

Pmin
i;t

i;t, Pmax
i;t

i;t

(kW)
minimum and maximum power output of the ith reservoir at time t,
respectively

Zbegin
i , Ziend (m) beginning and terminal water level of the ith reservoir

3.4 Reservoir Operation Procedure

The designed operation rule curves of the Ankang reservoir are determined by the time-
dependent variables at and bt of Eq. (1). Since the time interval of long-term reservoir
operation is 10 (or 11) days, there are 36 periods in a year and the total number of variables
of the Ankang reservoir is 72 (36 × 2). These coefficients are determined by least-squares
multiple regression (Karamouz and Houck 1982) to fit the linear relationship between the
optimized Vt +w ⋅Qin, t and Qout, t, after deterministic dynamic programming is used to obtain
the optimal operation trajectories to maximize Eq.(3). For the downstream Danjiangkou
reservoir, the first reduced water-supply curve of the operation rule is chosen for optimization
due to its wide optimization scope for water resources potential. It can be described by 12
variables (5 and 7 variables in dry and flood seasons, respectively).

3.5 The PA-DDS Algorithm with Hyper-Volume Indicator

The PA-DDS algorithm, one of the popular and powerful meta-heuristic methods, is used here
to solve the adaptivemulti-objective operation. It inherits the Pareto-archived evolution strategy
and uses only one parameter to archive all the non-dominated solutions. These widely distrib-
uted non-dominated solutions are also defined as Pareto front. An unary hyper-volume indicator
can help rigorously define what is meant by “good spread of points” across a Pareto front, since
it has good reputation on a guidance criterion for multi-objective solutions (Asadzadeh and
Tolson 2013). Moreover, this indicator value can decide whether an evolutionary algorithm has
better convergence, higher diversity and more even distribution of the Pareto front.

The detail procedures of the PA-DDS algorithm and the calculation of the hyper-volume
indicator are further referred by Yang et al. (2017).

4 Results and Discussions

4.1 The Climate and Runoff Changes

The observed data series of 8 meteorological stations in the Hanjiang River basin during 1971–
2005 are used to calibrate the daily bias correction method before downscaling of the future
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precipitation, maximum temperature (Tmax) and minimum temperature (Tmin). Nine statistics,
i.e., mean, standard deviation, 25th, 50th, 75th, 90th, 95th and 99th percentiles and the
maximum of precipitation (or temperature) series, are employed to evaluate the performance
of the statistics downscaling method (Shen et al. 2018). The biases of raw and two corrected
GCMs for precipitation and temperature at a daily scale in the reference period are presented in
Fig. 4, where the lateral axis follows the 8 meteorological stations and the longitudinal axis
shows the biases with respect to nine statistics. The bias is presented with respect to nine
statistics, from y-axis number 1 to 9 representing average, standard deviation (SD), 25th, 50th,
75th, 90th, 95th, and 99th percentiles and maximum (max) value, respectively. The bias of
precipitation and temperature are represented by the relative error and absolute error between
GCM and observation, respectively. The raw GCMs are considerably with negative bias of
simulated precipitation and temperature, while the evaluation indicators between the observa-
tion and GCMs are almost consistent after bias correction. All above results illustrate the
reasonable performance of the daily bias correction method and it can be applied for generating
future climate projection for hydrological impact studies.

After verifying the rationality of the downscaling method, the GCM-BCC and GCM-BNU
outputs under RCP8.5 scenario with bias correction are employed to generate the daily

(I) GCM-BCC

Fig. 4 Bias of raw and corrected two GCM outputs, the x-axis means 8 meteorological stations, namely,
Lueyang, Foping, Shangzhou, Zhenan, Xixia, Shiquan, Wanyuan, Ankang
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precipitation and the maximum and minimum temperature during 2021~2100, which will
furthermore impact the hydrological cycle and alter temporal and spatial variations of runoff
(Wang et al. 2017). Table 3 shows a general increasing of annual mean precipitation of these
representative meteorological stations in the future period except a significant decrease of
precipitation of GCM-BCC at Wanyuan station. Meanwhile, a consistent absolute increase of
temperature is predominant under two GCMs with change ranging between 0.1~1.9 °C and
0.1~2.5 °C, implying that the Hanjiang River basin is projected a warming trend under RCP8.5
scenario. The occurrence may be influenced by high greenhouse concentrations in this basin
(Shen et al. 2018), following the conclusion that both precipitation and temperature are more
likely to increase at a relatively higher rate with the most severe RCP 8.5 (Yin et al. 2018).

Meanwhile, daily hydrological and meteorological model data from 1980 to 1995 and
1996–2005 are used for calibration and validation, respectively. The Nash-Sutcliffe efficiency
(NSE) and the relative error (RE) values of Ankang reservoir basin are 86.50% and 2.72%,
85.76% and 1.14% for calibration and validation periods, respectively. For the Danjiangkou
reservoir basin, the NSE and RE values are 85.51% and 3.55%, 81.81% and 7.75% during
calibration and validation periods, respectively. These results demonstrate that the VIC can
simulate flow discharge well in Hanjiang River basin, since the NSEs of VIC are over 75%
and its REs are within [−10%, 10%] in the calibration and validation periods (Gan et al. 2015).

(II) GCM-BNU

Fig. 4 continued
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The streamflow projection at Ankang station and the intervening basin between Ankang
and Danjiangkou reservoirs during 2021–2100 are used to assess climate change impact by the
calibrated VIC model. The boxplot of monthly runoff results during base and future periods
are compared and shown in Fig. 5. Only parts are reported here for the sake of saving space. It
is observed that both the reservoir inflow and the intervening basin inflow in the future period
under RCP8.5 scenario have a wider range compared with base period. Future runoff volume
may remain consistent in the main flood season and increase in the dry season, which can
reduce flood control pressure in flood seasons and somewhat alleviate the conflictions between
power generation and water supply in dry seasons. In the meantime, annual runoff increase
will make human activities more frequent in this area due to more economy benefits brought
by abundant water resources; it will also boost agricultural development in the Han River basin
via water transfer projects, where agricultural water demand has a largest partition (61.4%)
(Tian et al. 2019). And reservoir operation is one of such effective measures to tap water
potential (Yang et al. 2016).

4.2 Performance of the Adaptive Operation Rules

In the process of parameter setting of the PA-DDS algorithm, the maximum of the function
evaluation is set as 15,000 to remain the unchanged value of the hyper-volume indicator,
which sufficiently ensures that the algorithm can converge to a final steady state (Asadzadeh
and Tolson 2013; Yang et al. 2017). As for another neighborhood perturbation size parameter
r, a sensitivity analysis of it is carried out before optimizing the multi-objective operation rules
of cascade reservoirs. A 12 independent hyper-volume indicator values of the non-dominated
solutions with different parameter r suggest that the proper r value for the reservoir optimi-
zation should be 0.2, which is consistent with the default value recommended by Tolson and
Shoemaker (2007).

Table 3 Projected future changes of annual average precipitation and temperature during 2021~2100 at 8
meteorological stations under two GCMs

Station Variable Historical period GCM-BCC GCM-BNU

Lueyang Prep(mm) 793 820 (3.4%) 842 (6.2%)
Temp(°C) 14.3 14.4 (0.1) 14.4 (0.1)

Foping Prep(mm) 899 960 (6.8%) 965 (7.3%)
Temp(°C) 13.0 14.6 (1.6) 15.0 (2.0)

Shangzhou Prep(mm) 673 769 (14.3%) 756 (12.3%)
Temp(°C) 13.6 15.5(1.9) 16.1 (2.5)

Zhenan Prep(mm) 767 831 (8.3%) 840 (9.5%)
Temp(°C) 14.2 15.5 (1.3) 16.2 (2.0)

Xixia Prep(mm) 845 965 (14.2%) 924 (9.3%)
Temp(°C) 15.8 17.4 (1.6) 17.8 (2.0)

Shiquan Prep(mm) 883 936 (6.0%) 940 (6.5%)
Temp(°C) 15.5 15.8 (0.3) 16.4 (0.9)

Wanyuan Prep(mm) 1245 1006 (−19.2%) 1258 (1.0%)
Temp(°C) 15.5 16.6 (1.1) 16.6 (1.1)

Ankang Prep(mm) 816 857 (5.0%) 882 (8.1%)
Temp(°C) 16.4 16.5 (0.1) 17.2 (0.8)

Values in parentheses represent the relative increment for precipitation and absolute increment for temperature of
GCM prediction to historical observation
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In order to compare the designed operation rule with the adaptive operation rules, the results of
all the rules are shown in Fig. 6. Evidently, the designed operation rule cannot be adapted to
climate change for its relatively less water supply and power generation, while the adaptive
perform well in this scenario. It is worthy noted that the dynamically dimensioned search strategy
functions as the multi-objective search engine for the PA-DDS algorithm, which generally starts
with global search in all dimensions of the decision space and reduces the number of variable
dimensions with the search going on. It makes the PA-DDS algorithm excellent in both conver-
gence speed and search ability when PA-DDS requires only one parameter (the neighborhood
perturbation factor r) in extracting the multi-objective Danjiangkou reservoir operation rules.

Observed GCM-BCC GCM-BNU
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(b) the intervening basin between Ankang and Danjiangkou reservoirs

Fig. 5 Boxplot of observed and projected monthly inflows at the Ankang station and intervening basin between
Ankang and Danjiangkou reservoirs
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The optimization results of these rules for GCM-BCC and GCM-BNU have a wide range
of power generation with a relatively concentrated distribution of water supply. Particularly,
these solutions cover a wider range of power generation between 5738 and 5984 million kW.h
in addition to proving a higher efficiency of water supply in GCM-BCC model. As for GCM-
BNU model, it provides water supply yield fluctuating around 6800 million m3 and power
generation range between 5987 and 6176 million kW.h.

4.3 Comparison of Operation Rules with Different Objectives

Since the rules aiming at maximizing one of the objectives can be helpful to strengthen the
comprehension of multi-objective operations, the cascade reservoir operation results of two
GCM models focusing on water supply and power generation are listed in Table 4.

In the objective of maximizing power generation for GCM-BCC, the adaptive operation
rule can annually generate 5984 million kW.h hydropower (increase 3.7%) compared with the
designed operation rule. Similarly, the adaptive operation rule for water supply can relatively
improve water supply yield by 1.1% (from 6714 to 6790 million m3). For the GCM-BNU
model, the adaptive operation rule for power generation can annually generate 6176 million
kW.h, hydropower (increase 4.8%); the maximum average water supply is 1.0% higher than
the reference value. In detail, the results reveal that the adaptive operation rules for power
generation can rise average power generation by 6.1% in GCM-BCC and 4.8% in GCM-BNU
than the designed operation rule during the dry season, respectively. The operation rule aiming
at water supply is projected to annually increase water supply by 1.4% during dry season and
0.9% during flood season for GCM-BCC model. It also increases the average water supply by
1.3% and 0.7% during dry and flood seasons for GCM-BNUmodel, respectively. The increase
rates of both objectives in the dry season are evidently higher than the flood season. The reason
is that future inflow is projected to be more abundant in the dry season.

Fig. 6 Comparison of the designed operation rule with Pareto solutions of PA-DDS for GCMs
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4.4 Selection of the Best Adaptive Operation Rule

The experiment indicates that the increase of water supply generally accompanies with the
decrease of power generation. The best adaptive operation rule needs to be selected by
considering the trade-offs between different objectives. The projection pursuit method
(Friedman 1987) coupled with genetic algorithm, which can transform high dimensional data
into one-dimensional data by unit projection vector, is used here to quantitatively describe the
Pareto solutions and select the best one (Zhang et al. 2019).

Unit projection vectors obtained by genetic algorithm are 0.662 and 0.749, 0.638 and 0.770
for two different GCM models, respectively. It represents the relative importance of hydro-
power generation and water supply yield in our case study: the solutions with more water
supply yield get higher one-dimensional projection values, meaning that the operation rules
focusing on water supply are more suitable for cascade reservoirs in the Hanjiang River basin
regardless of their poor performance in power generation. The higher weight of water supply
corresponds to the vital role of the Danjiangkou reservoir for the Middle Route of the South-to-
North Water Transfer Project in China.

The maximum comprehensive values are 1.252 for GCM-BCC and 1.306 for GCM-BNU.
To show the characteristics of the operation rules, Fig. 7 gives some examples of the adaptive
operation rules of the Ankang reservoir in Mid-Apr (dry season) and Mid-Aug (flood season).
The Ankang reservoir operation rules are derived by the deterministic dynamic programming
to fit future flow data under two GCMs. Different GCMs have the similar form of scheduling
policy in the same period. Moreover, a “plane upper tail” phenomenon always occurs in the

Fig. 7 Adaptive operation rules of the Ankang reservoir in Mid-Apr (dry season) and Mid-Aug (flood season)

He S. et al.116



optimal steady-state policy of the Ankang reservoir in the flood season. It is specifically shown
in Fig. (7b) and (d) that the release discharge Qout, tof the Ankang reservoir remains unchanged
and horizontal when function value of Vt +w ⋅Qin, t in Eq. (1) is small enough to be replaced by
a plane scheduling rule. The reason is that reservoir release Qout, t should satisfy a constant
downstream water requirement instead of an extreme situation with lower Vt +w ⋅Qin, t in flood
season.

The adaptive water diversion curves of the Danjiangkou reservoir are plotted in Fig. 8,
where the first reduced supply water curves of two GCMs have similar trendy that their
positions move down in comparison with the designed curve. It shows that the area of water
supply expands during the dry season and keeps almost same in the flood season. The reason is
that projected future runoff increase in the dry season provides more possibilities for water
supply scheduling rules by extending water supply area.

5 Conclusions

After downscaling GCM outputs in the Han River basin with the daily bias correction method,
RCP 8.5 predicts a general increasing of annual mean precipitation and temperature in this area
which will further results in future runoff increase. As more abundant future water resources
can bring economy benefits and boost agriculture development, adaptive water policies should
be further explored to tap water potential. Our study optimizes cascade reservoir operation
rules based on future projections of two GCM models. In order to verify the performance of
these operation rules, all the Pareto solutions are compared with the designed operation rule,
and the projection pursuit method is used to select the best one. Some conclusions can be
drawn as follows:

(1) Under a high emission scenario, annual average temperature of 8 meteorological stations
in the upper and middle Hanjiang River basin during 2021~2100 will increase 0.1~1.9 °C
for GCM-BCC and 0.1~2.5 °C for GCM-BNU. The occurrence projects more runoff

Fig. 8 Adaptive operation rule curves for water diversion of the Danjiangkou reservoir
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during the dry season and stable runoff during the flood season, which also puts higher
requirements on water resources management.

(2) The PA-DDS algorithm with hyper-volume selection is an effective method in searching
Pareto front. All solutions achieve a widely distributed and better range of annual power
generation with higher improvement of water supply. For the solution maximizing power
generation, it can increase annual power generation by 3.7% in GCM-BCC model and
4.8% in GCM-BNU model, respectively, compared to the designed operation rule.

(3) For the optimal operation rule selected by projection pursuit theory, a “plane upper tail”
phenomenon always accompanies with the optimal steady-state policy of Ankang reser-
voir during the flood season; The optimized first reduced supply water curve rules of the
Danjiangkou reservoir have similar trendy under the two GCMs, both of which expand
the area of water supply during the dry season.
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