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Abstract. With rapid urbanization, there will be more conflict between human systems and the riverine ecologi-

cal system, and therefore, ecological operations, practices and research must involve the ecological water replenishment of entire river basins with new modeling tools. In this study, we establish an ecological flow-oriented
water resource allocation and simulation framework (E-WAS). Virtual reservoirs and ecological units are added
to the water resources network. With new water balance equations for virtual reservoirs and ecological units, the
E-WAS can simulate the ecological replenishment process in a river basin and can provide a recommended water
replenishment scheme that considers optimization principles. The E-WAS was applied in the Longgang River
Basin, Shenzhen, China. 17 ecological units and 45 water supply nodes are considered in the model. A water
replenishment scheme that used water from 31 reservoirs and reclaimed water from 7 water sewage plants was
selected. This scheme significantly increased the satisfactory degree of ecological water demand and efficiently
supported the formulation of a control scheme for the water environment of a basin. The E-WAS framework is
similar to model plug-ins but helps to avoid the large workload that is required for model redevelopment and can
expand the functions of models quickly.

1

Introduction

Replenishing ecological water through reservoir operation
has become a major metric for the restoration of river ecosystems worldwide. In general, an ecological replenishment
scheme is implemented to restore the natural ecosystem of a
river basin consists by adjusting reservoir release and restoring the natural rhythm of the river flow as much as possible,
at the same time ensuring flood control and no significant decrease in benefit (e.g., power generation and irrigation) (Higgins and Brock, 1999; Symphorian et al., 2003; Gippel et
al., 2002; Dong, 2007). Existing research regarding ecological reservoir operation mainly focuses on the theories of and
calculation methods for the ecological water requirements of
river channels, optimization of hydraulic and hydropower engineering systems, water and sediment control in reservoirs,
ecological flood control, water quality protection, habitat improvement for organisms in reservoirs and downstream river

channels, the evaluation of ecological operation schemes and
legislation for ecological operation (Junk, 1982; Petts, 1996;
Hughes and Hannart, 2003). Many researchers have studied
methods of improving river ecology (Wang et al., 2014; Galat
et al., 1998; Day et al., 2012), and noted that the water replenishment strategy is effective for river protection. Although
reservoir construction affects the original hydrological form
of a river, reservoirs are also used for flood regulation, which
can mitigate the imbalance of water in rivers. The provision
of supplemental water to rivers by reservoirs during emergencies has been discussed by Yang et al. (2008). Several
scenarios have been initiated in China to release reservoir
water into adjacent rivers. For example, water was released
from the Nenjiang reservoir into the Zhalong wetlands (Zhou
et al., 2007), from the Xiaolangdi hydropower reservoir into
the Yellow River (Cui et al., 2009), and from upstream reservoirs into the Tarim River (Huang and Pang, 2010).
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In this study, based on a basin-scale water resource allocation and simulation model (WAS), we establish an ecological flow-oriented water resource allocation and simulation framework (E-WAS) to expand the functions of the
WAS model. E-WAS can account for ecological flows, in
which multiple water resources are allocated to meet the water requirements for various purposes. This study will help
decision-makers formulate ecological water replenishment
schemes for river basins at the planning level. The remainder
of this paper is structured as follows. Section 2 describes the
WAS model and derives the E-WAS framework, Sect. 3 describes the application of the E-WAS framework in the Longgang River Basin, and Sect. 4 discusses the results. Section 5
concludes the paper.

2

The E-WAS framework

The E-WAS (ecological flow-oriented WAS model) framework (Yan et al., 2018) is based on the traditional water resource allocation model (WAS), which can dually simulate
natural-artificial water cycles that are influenced by both nature and humans (Wang et al., 2014; Zhai et al., 2017; Sang et
al., 2010). In order to control multiple types of water sources
and dynamically allocate water resources to replenish the
ecological water of the river in the model, a virtual reservoir
is used in the E-WAS system network and is used in conjunction with the ecological units. The storage capacity of the virtual reservoir is set to “zero” so it does not regulate and store
water. The function of the virtual reservoir is to receive the
water that is released from the reservoir upstream of the ecological units, the inter-zonally generated water and the water
that is exported from external sources. All the water that is
imported into the virtual reservoir will be directly supplied
to the ecological units to meet their ecological water requirements. Because the water consumption for the ecological unit
is also set to “zero”, the ecological water that is supplied to
the present unit can all be released to the downstream river
channel. In addition, because its storage capacity is “zero”,
the surplus water in the virtual reservoir will also be directly
released to the downstream river channel.
Here, an example is presented to illustrate the new water
resource allocation network in E-WAS (Fig. 1). The water
system consists of a reservoir A, a social water consumption
unit B and a control section of ecological flow C at the location where a tributary flows into the main stream (Fig. 1a).
First, an ecological unit C0 is set by generalizing the ecological flow section C (Fig. 1b). Then, a virtual reservoir D is
set upstream of the ecological unit C0 (Fig. 1c) and is used
in conjunction with ecological unit C0 . The storage capacity
of virtual reservoir D is set to “zero”. The function of virtual
reservoir D is to receive the water that is released from the
upstream reservoir A and the inter-zonally generated water
from the area between A and C0 , where it does not regulate
and store water. All of the water that is imported into virtual
Proc. IAHS, 383, 327–339, 2020

Figure 1. Water resource allocation network in E-WAS (Yan et al.,

2018).

reservoir D is directly supplied to ecological unit C0 to meet
its ecological water requirements. Because there is no water
consumption in ecological unit C0 , all of the ecological water
that is supplied to ecological unit C0 is released to the downstream river channel. Because its storage capacity is “zero”,
the surplus water in virtual reservoir D will also be directly
released to the downstream river channel.
The computation within the E-WAS framework should follow the following rules: The water (flood water during the
flood season, water released from the reservoir, etc.) that is
released from the reservoir upstream of the virtual reservoir
and the inter-zonal confluent water all flows into the virtual
reservoir. The inflow water is first supplied to the ecological unit, and the surplus water is released. If the inflow water from the upstream reservoir and the inter-zonal confluent
water cannot meet the water requirements of the ecological
unit, a water transfer command will be sent to the upstream
reservoir. Upon receiving this command, the upstream reservoir will transfer water to the virtual reservoir to replenish
the downstream ecological unit with water.
The E-WAS framework is capable of coupling reservoir
operations for ecological flow and water resource allocation optimization. It can provide an optimal water allocation
scheme with ecological flow requirements by improving the
computational procedure in WAS and supplementing it with
a virtual reservoir and an ecological unit, without imparting
https://doi.org/10.5194/piahs-383-327-2020
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significant changes in the internal core algorithm of the WAS
model. The equations under the E-WAS framework undergo
the following changes.

uses optimum equity and a minimum water supply deficiency ratio as the objective functions for water resource
allocation optimization (Yang et al., 2016).

1. Water balance equation for a virtual reservoir:
QR = 0
Qrin + Qrin0 + Qrin1 = Qrko + Qrfo

a. Equity objective:
(1)
Min F (x) =

(2)

v
u
u
GP (Xh ) = t

qh · GP (Xh )

(4)

mu
2
1 X
xhu − xh
mu − 1 u=1

(5)

where F (x) is the equity objective; GP(xh ) is the
equity function; qh is the sectorial user penalty
function; xhu is the water deficiency ratio for sectorial user h in unit u; xh is the average water deficiency ratio for sectorial user h in unit u; myr is the
number of years within the calculation period; n is
the monthly id within the year; mh is the number
of sectorial water-use types in the region; and mu is
the number of units in the region.
b. Minimum water deficiency ratio objective:
Min Y (x) =

SW (Xh ) =

(3)

where QU is the water used by the ecological environment within the time period (10 000 m3 ); QUresu is
the water supplied to the virtual reservoir (10 000 m3 );
QUwru is the water supplied by reclaimed water sources
(if there is a water purification plant in this river segment, the released tail water can be used as the water supplied by reclaimed water sources, and the quality of reclaimed water must meet the high standard for
ecological flow) (10 000 m3 ); and QUoresu is the water imported into the reservoir from external sources
(10 000 m3 ).
3. Objective functions and their solutions:
Regional water supply security and equity are the core
objectives of water resource allocation. The WAS model

myr X
12 X
mh
X

qh · SW (Xh )
y=1 n=1 h=1
mu

1 X
xhu − Sobnh
mu u=1

(6)

(7)

where Y (x) is the water supply stress objective;
SW(xh ) is the water supply stress function; qh is
the sectorial user penalty function; xhu is the water
deficiency ratio for sectorial user h in unit u; Sobnh
is the ideal value of the water supply stress objective of each month for sectorial user h in the region;
myr is the number of years within the calculation
period; n is the identification of the month within
the year; mh is the number of sectorial water-use
types in the region; and mu is the number of units
in the region.

2. Water balance equation for an ecological unit:
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myr X
mh
12 X
X
y=1 n=1 h=1

where QR is the amount of water stored in the virtual
reservoir (10 000 m3 ); Qrin is the inter-zonal water inflow; Qrin0 is the amount of water released from the
upstream physical reservoir (10 000 m3 ); Qrin1 is the
amount of water imported from the upstream physical
reservoir (10 000 m3 ); Qrko is the amount of water supplied by the virtual reservoir (10 000 m3 ); and Qrfo is
the amount of water released from the virtual reservoir
(10 000 m3 ). Qrko refers to the amount of water supplied
to meet ecological water requirements. When the interzonal water inflow and the water that is released from
the upstream reservoir and received by the virtual reservoir cannot meet the corresponding water requirements
of the ecological unit, the virtual reservoir will send a
water transfer command to the upstream physical reservoir. If there is surplus water in the upstream physical
reservoir after it completes the water supply task, it will
transfer water to the virtual reservoir, and the amount
of water transferred is Qrin1 . The amount of water imported from the physical reservoir can then be treated
as the water transferred for ecological replenishment,
i.e., the water is specifically released by the physical
reservoir to meet the ecological flow requirements of
the river channel. While the water released from the upstream reservoir, or Qrin0 , also forms an ecological flow,
it is not actively released by the upstream reservoir to
meet the ecological target.

QU = QUresu + QUwru + QUoresu
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3
3.1

Application
Study area and data

The Longgang River Basin is located in northeastern Shenzhen (Fig. 2). The Longgang River Basin is in the South
Asian tropical monsoon climate zone. The annual mean
temperature is 22.3 ◦ C. The average annual precipitation is
2073.5 mm, precipitation during the flooding season (April–
September) accounts for proximately 85 % of the annual precipitation, and precipitation during the dry season (October–
March) only proximately 15 %. With rapid economic development, water shortages in the Longgang River basin have
Proc. IAHS, 383, 327–339, 2020

330

Z. Yan et al.: Water replenishment for ecological flow with E-WAS framework

become increasingly serious. Historically abundant local water resources are becoming increasingly precious. Thus, no
ecological flow is set during the operation scheme of the local reservoirs in this river basin, and all water resources are
stored in the reservoirs for urban uses, even if it is unnecessary in wet seasons. Thus, most river channels in the basin
are dry. In contrast, some usable reclaimed water resources
remain in the Longgang River Basin. Although the water
from sewage plants is sufficiently clean, further research is
required to determine how it can be used for ecological flow.
Thus, it is necessary to perform a systematic analysis of water resource allocation to formulate a scheme to ensure ecological flows in river channels with multiple types of water
sources in the Longgang River Basin.
According to the Statistical Handbook of Water Affairs
of Shenzhen and the Shenzhen Municipality’s Plan for Optimization and Adjustment of Reservoirs, there are 18 reservoirs in the Longgang River Basin. Long-term hydrological
and meteorological data (from 1985 to 2015) were obtained
from in the Statistical Yearbooks of Hydrological Data of
Shenzhen. Information for the water system and river network was extracted based on a 30 × 30 m DEM.
3.2

Control sections and ecological flow requirements

To achieve refined water replenishment in the Longgang
River Basin, control sections for ecological flow requirements are determined based on the following principles.
(1) Particular consideration is given to the river sections
where there are sudden changes in parameters (e.g., the flow
in the river segment). (2) The catchment areas that are controlled by each section can be treated as a relatively independent sub-ecological areas that are capable of performing
specific ecological functions. According to these principles,
17 sections of the Longgang River are selected as control
sections for ecological water requirements, of which 3 are
sections of the main stream (in the upper, middle and lower
reaches) and 14 are sections of tributaries (Fig. 3).
Ecological flow requirements

There are several methods for calculating the ecological flow
in a river, such as the 7Q10 method (Singh and Stall, 1974),
the wetted perimeter method (Gippel and Stewardson, 1998),
the R2CROSS method (Gregoiy, 1996), IFIM (Gore and
Nestler, 1988), and the Tennant method (Tennant, 1976).
Based on previous studies that considered the ecological water requirements of Shenzhen, the Tennant method is used to
determine the minimum ecological flow requirements. Based
on this method, 30 % (non-flood season) or 40 % (flood season) of the average annual runoff is used as the suitable ecological water requirements of each river channel (Mao et al.,
2009; Armbruster, 1976; Binns and Eiserman, 1979; King
and Louw, 1998). Based on the specific characteristics of the
Longgang River Basin, April through October is set as the
Proc. IAHS, 383, 327–339, 2020

flood season and November through March of the following
year is set as the non-flood season (Table 1).
3.3

Water resource allocation network based on the
E-WAS

To achieve ecological water replenishment in the Longgang
River Basin, it is necessary to first establish a water resource
allocation network under E-WAS, in which social and economic water consumption must be taken into consideration.
Particular consideration should be given to ecological flow
requirements at the control sections of the rivers. Thus, the
Longgang River Basin is divided into 5 computational units,
of which one is a social and economic water consumption
unit, and 17 are ecological units for ecological water requirements (Table 2).
By analyzing the reservoirs and sewage plants in the Longgang River Basin, 45 water supply nodes are established, of
which 31 are reservoir nodes, 17 are virtual reservoir nodes
and 7 are reclaimed water supply nodes. All the reclaimed
water in this network is derived from treated wastewater used
for a certain purpose after strict treatment. Due to the high
discharge standards, the reclaimed water can be used for water replenishment in the river, and is treated as clean water
in the model. In addition, an external water source must be
considered, namely, the Eastern water diversion system. Figure 4 shows the water resource network based on the E-WAS
framework. Each tributary is treated as an ecological unit
with ecological water requirements. In addition, the upper,
middle and lower reaches of the main stream are also treated
as an ecological unit with ecological water requirements.
3.4

Model calibration and validation

Model calibration and validation is a key process in verifying model simulation accuracy and calibrating model parameters. The model used in this study involves the water cycle
module and the water resource allocation module. First, the
water cycle module is validated mainly based on runoff at the
key sections. Then, the water resource allocation scheme is
examined based on the published amount of water supply for
social and economic purposes.
3.4.1

Runoff simulation validation

The model simulation results were evaluated based on the
Nash–Sutcliffe efficiency coefficient (NSE) and the regression coefficient (R 2 ) between the simulated and observed
runoff data from 1985 to 2015 from the stations in the lower
reaches of the Longgang River. Model simulations were performed for the period from 1961 to 2015. The first 30 years
were used for model calibration, and the last 25 years were
used for model validation. The runoff simulation results
show that the model has an NSE of 0.86 and an R 2 of 0.87
for the calibration period and an NSE of 0.84 and an R 2 of
https://doi.org/10.5194/piahs-383-327-2020
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Figure 2. The Longgang River Basin.

Figure 3. Control sections for ecological flow in the Longgang River Basin.
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Table 1. Suitable ecological water requirements (10 000 m3 ).

ID

Control sections

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

WTSH
DKH
ALH
HLH
LXH
NYH
TLH
DSH
SSS
HSJS
HSH
HGPS
TKS
TJS
MAIN-UP
MAIN-MID
MAIN-DOWN

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

13.8
11.0
9.0
6.4
19.6
21.5
13.0
34.9
0.9
0.9
18.1
0.9
9.0
5.1
24.8
94.3
145.6

22.9
18.3
14.9
10.6
32.5
35.6
21.6
57.8
1.4
1.4
30.0
1.4
14.9
8.5
41.2
156.5
241.6

37.2
29.6
24.2
17.2
52.7
57.8
35.1
93.8
2.3
2.3
48.6
2.3
24.2
13.8
66.8
253.8
391.7

105.8
84.4
68.9
49.1
150.0
164.5
99.9
267.1
6.6
6.6
138.5
6.6
68.9
39.2
190.3
722.8
1115.7

170.9
136.3
111.3
79.3
242.3
265.7
161.3
431.3
10.6
10.6
223.6
10.6
111.3
63.4
307.2
1167.1
1801.6

232.1
185.1
151.1
107.8
329.1
360.9
219.1
585.8
14.5
14.5
303.7
14.5
151.1
86.1
417.3
1585.2
2447.0

195.3
155.8
127.2
90.7
276.9
303.6
184.4
492.9
12.2
12.2
255.6
12.2
127.2
72.4
351.1
1333.8
2058.8

206.3
164.5
134.3
95.8
292.4
320.7
194.7
520.6
12.9
12.9
269.9
12.9
134.3
76.5
370.8
1408.7
2174.5

144.2
115.0
93.9
66.9
204.4
224.1
136.1
363.8
9.0
9.0
188.7
9.0
93.9
53.5
259.2
984.6
1519.9

47.2
37.6
30.7
21.9
66.9
73.4
44.5
119.1
2.9
2.9
61.7
2.9
30.7
17.5
84.8
322.2
497.4

16.6
13.3
10.8
7.7
23.6
25.8
15.7
42.0
1.0
1.0
21.8
1.0
10.8
6.2
29.9
113.5
175.2

15.0
11.9
9.7
6.9
21.2
23.3
14.1
37.8
0.9
0.9
19.6
0.9
9.7
5.5
26.9
102.2
157.7

Figure 4. Water resource allocation network of the Longgang River Basin.
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Table 3. Scheme for E-WAS calculation.

units.
Control section
ID

Control section
name

Ecological unit
ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

WTSH
DKH
ALH
HLH
LXH
NYH
TLH
DSH
SSS
HSJS
HSH
HGPS
TKS
TJS
MAIN-UP
MAIN-MID
MAIN-DOWN

U401
U402
U403
U404
U405
U406
U407
U408
U409
U410
U411
U412
U413
U414
U415
U416
U417

0.91 for the validation period. Figure 5 shows the simulated
runoff of the Longgang River. From the perspective of water
cycle simulation, the model has nearly ideal accuracy.
3.4.2

Validation of water supply for social and economic
purposes

The water supply for social and economic purposes in the region is the total amount of water supplied for industrial, domestic and agricultural purposes within the Longgang District, the social and economic unit in the Longgang River
Basin. Figure 7 shows a comparison of the simulated water supply for social and economic purposes and statistical
data for the water supply that were published in the Shenzhen
Water Resource Bulletins (from 1995 to 2015). The error between the simulated water supply and the corresponding statistical data is within 10 % for 80 % of the years between
1995 and 2015 (Fig. 6). The 20-year average water supply that was obtained from the E-WAS was 195 million m3 ,
which differs from the published average annual water supply (198 million m3 ) by 1.5 million m3 ; i.e., the relative error
is 1.5 %. This indicates that the accuracy of the model in the
generalized water resource network in the Longgang River
Basin and the simulated water supply are acceptable.
4
4.1

Results and discussion
Water allocation schemes

To analyze the ecological water replenishment scheme for
the Longgang River Basin, different operational schemes
must be considered to configure the E-WAS framework. Conhttps://doi.org/10.5194/piahs-383-327-2020

Scheme

Description

1

Reference scheme without replenishment of ecological flow

2

Replenish ecological flow with
reclaimed water

3

Replenish ecological flow with
reservoir release

sidering multiple combinations of reclaimed water and surface water (reservoirs), the following three schemes are set to
identify the ability of water replenishment for river channels
with different water resources (Table 3).
The allocation of water resources under the three schemes
is optimized using the E-WAS framework, with suitable ecological flows as the main operation constraints and targets.
In this study, the satisfactory degree of ecological water demand (SDE, Eqs. 10–11) is used as an index to judge flow
conditions in the river.

max 0, dei (x) − repi (x)
SDE(x)month = 1 −
(8)
dei (x)
12

P
max 0, dei (x) − repi (x)
i=1
(9)
SDE(x)year = 1 −
12
P
dei (x)
i=1

where SDE(x)month is the monthly satisfactory degree of ecological water demand of river section x; SDE(x)year is the annual satisfactory degree of ecological water demand of river
section x; repi (x) is the monthly/annual water replenishment
of river section x; and dei (x) is the monthly/annual ecological water demand of river section x. Table 4 shows the annual
SDE (Eq. 9) associated with each scheme as well as the water
replenishment capacity (WRC, 10 000 m3 ) of multiple water
sources in a typical dry year (P = 75 %). The WRC is given
by the E-WAS framework after long term water allocation
calculation.
For the ecological water replenishment of a river basin,
it is necessary to account for the extent to which the water
requirements are satisfied, as well as various other factors
such as engineering and economic factors. Thus, the following principles are proposed for the optimization of the ecological water allocation scheme:
– The reservoirs are prioritized to ensure that the water
requirements for social and economic purposes in the
Longgang River Basin are satisfied.
– Regarding water replenishment measures for tributaries,
the priority is given to (1) reclaimed water from the upper reaches of the tributaries, followed by (2) water released from the reservoirs and (3) reclaimed water from
Proc. IAHS, 383, 327–339, 2020
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Figure 5. Runoff calibration (a) and validation (b) of the E-WAS framework.

Figure 6. Comparison of water use between simulated and published data.

the lower reaches of the tributaries (water extraction is
required).
– After the ecological flow in the tributaries has been increased, the main stream is replenished with water from
the tributaries. It is first ensured that the ecological waProc. IAHS, 383, 327–339, 2020

ter requirements of each tributary are satisfied, which
will indirectly ensure that the ecological water requirements of the main stream are also satisfied.
– For a river with no reclaimed water and reservoir water resources, measures that extract water from the main
https://doi.org/10.5194/piahs-383-327-2020
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Figure 7. Different SDEmonth of each section before (a) and after (b) implementing the recommended water replenishment scheme.

stream or connect water systems to achieve ecological
water replenishment will be considered.
Based on the above principles, as well as the water deficiencies and the replenishment capacity of each scheme that
is shown in Table 3, an optimized ecological water replenishment scheme for the Longgang River Basin is formulated
(Table 5). Reclaimed water generated from the sewage plants
is used to replenish tributaries such as the WTSH, the DKH,
the DSH, the HSH, the TKS and the TJS. Ten reservoirs
(R18, R19, R20, R40, R42, R22, R43, R25, R23 and R33)
are used to improve the ecological flows in tributaries such as
the WTSH, the DKH, the ALH, the LXH, the NYH, the TLH
and the HGPS. The flow in the main stream is mainly indirectly replenished through the cumulative effects achieved by
replenishing tributaries; i.e., the main stream is replenished
with water from the tributaries. The SDEs of the HLH, SSS
and HSJS in Scheme 1 are relatively high (89 %), so there is
no need for water replenishment in these two tributaries.

https://doi.org/10.5194/piahs-383-327-2020

4.2

Effects of the recommended water replenishment
schemes

To further analyze the effectiveness of the E-WAS framework, the SDE is analyzed from temporal and spatial perspectives. Boxplots were produced to analyze the monthly
SDE (Eq. 8) in each unit in a typical dry year (P = 75 %)
before and after the ecological water replenishment scheme
(Fig. 7). Without a replenishment scheme, there are fewer
than six months in which the ecological flows at the 17 control sections are ensured and the SDEs of tributaries WTSH,
TLH, LXH and HSJS are relatively low. With the recommended water replenishment scheme, the SDEyear increases
significantly, and there are more than six months in which
the ecological flow at each section is ensured. In addition,
the SDEmonth of the aforementioned sections also increases
considerably.
The recommended ecological water replenishment scheme
mainly focuses on tributaries characterized by ecological water deficiencies. Through the operation of the reservoirs and
the use of reclaimed water, the ecological flows in the tribuProc. IAHS, 383, 327–339, 2020
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Table 4. SDE and WRC under three E-WAS schemes in a typical dry year (P = 75 %).

ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Control
sections

Scheme 1
SDEyear
(%)

Water deficiency
(10 000 m3 )

83
84
84
89
62
83
83
83
89
89
83
80
77
84
83
82
82

205
154
126
73
650
319
194
518
8
10
269
13
181
72
359
1721
2841

WTSH
DKH
ALH
HLH
LXH
NYH
TLH
DSH
SSS
HSJS
HSH
HGPS
TKS
TJS
MAIN-UP
MAIN-MID
MAIN-DOWN

WRC in Scheme 2
(10 000 m3 )

WRC in Scheme 3
(10 000 m3 )

1080
438
0
0
1800
0
0
2737
0
0
350
0
2880
1080
7200
10 800
36 360

348
17
89
0
528
225
268
86
46
127
178
66
188
75
364
1470
2261

Table 5. Recommended ecological water replenishment scheme for a typical dry year (P = 75 %).

ID

Control
section

Water resource for replenishment
in recommended scheme

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

WTSH
DKH
ALH
HLH
LXH
NYH
TLH
DSH
SSS
HSJS
HSH
HGPS
TKS
TJS
MAIN-UP
MAIN-MID
MAIN-DOWN

R18, S1
R19, S1
R20
–
R40
R42,R22
R43, R25, R23
S4
–
–
S5
R33
S6
S7
From tributaries
From tributaries
From tributaries

taries are ensured, which in turn impacts the main stream of
the Longgang River and significantly increases the SDE.
4.3

Improvement of the allocation model

The E-WAS framework is an improvement to the WAS model
and includes both constraint-type and target-type features in
the ecological operation model. The effectiveness of the EWAS framework in ensuring that the ecological water reProc. IAHS, 383, 327–339, 2020

Water replenishment
(10 000 m3 yr−1 )

SDEyear

205
154
89
–
528
225
194
518
–
–
269
18
181
72
359
1395
2841

100 %
100 %
96 %
89 %
93 %
100 %
100 %
100 %
89 %
89 %
100 %
100 %
100 %
100 %
100 %
96 %
100 %

quirements of the river and allocating water for social and
economic purposes is evaluated by comparing the statistical indices of the results obtained from the WAS model and
the E-WAS framework. Two schemes are used (Table 6). For
scheme 1, the WAS model is employed to simulate the allocation of water resources in the study area. The results that
were obtained using the E-WAS framework (Sect. 4.1) are
used as the results for scheme 2. The value of the global ob-
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Table 6. Different objective function values in WAS and E-WAS.

Objective functions

Model
WAS

E-WAS

GOB (global objective function)

90 %

93 %

SDSE (satisfactory degree of social and
economic water demand)

93 %

92 %

SDEyear (satisfactory degree of ecological water demand)

74 %

95 %

jective function is the mean of the equity objective function
(Eq. 4) and the water deficiency objective function (Eq. 6)
that were presented in Sect. 2.
In scheme 1, the WAS model, which does not consider the
ecological water requirements of the river channels, is employed, and only water consumption for social and economic
purposes is considered during the allocation process. By allocating various water resources, the SDSE reaches 93 percent, and the GOB also reaches 90 %; however, the SDEyear
is relatively low (only 74 %). In scheme 2, the E-WAS computational framework, which is oriented to ecological water
replenishment, is used. This framework considers the water
requirements for social and economic purposes and considers
the ecological flows in the main stream and tributaries. Under scheme 2, the GOB reaches 93 %; in addition, the SDSE
decreases slightly to 92 %, and the SDEyear reaches 95 %.
5

Conclusions

1. By generalizing the river sections with ecological water requirements, which are treated as ecological units,
ecological control targets are included in the E-WAS
framework. By establishing links between various water sources and economic and ecologic units, a multiobjective long-term simulation is realized to obtain an
allocation scheme that satisfies ecological flows at the
control sections of the river channels. Under the E-WAS
framework, simulations of ecological replenishment in
a river basin considers SDEs and various other factors
(e.g., engineering and economic factors). The ecological
water replenishment scheme is further optimized based
on all the usable water sources and the principle that the
main stream and tributaries are coordinated, and the upper and lower reaches are used to replenish one another.
Compared with other ecological operation models and
ecological water replenishment method, the framework
proposed in this paper does not alter the internal computational structure of the model with the aid of virtual
reservoirs and units. Thus, it is similar to a model plugin, which helps researcher to avoid the large workload
that is required for model redevelopment and can expand the function of model relatively quickly.
https://doi.org/10.5194/piahs-383-327-2020
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2. A case study of the Longgang River Basin in Shenzhen
is performed to investigate the ecological operation with
E-WAS. Fourteen ecological units with water requirements and one social-economic unit are set. The suitable ecological water requirements of the 17 ecological
units are determined. A total of 45 water supply nodes,
including reservoirs and sewage plants are considered in
a coordinated manner. Based on the E-WAS, the ecological water requirements at each section are calculated,
and the SDE under current conditions can be estimated.
By comparing different water replenishment schemes, a
water replenishment scheme that uses water from seven
reservoirs and reclaimed water from six water sewage
plants is selected to replenish the ecological flow at the
17 control sections. This scheme significantly increases
the SDE (from 62 % to 89 % under the reference scheme
to 89 % to 100 %), and thus efficiently supports the formulation of a control scheme for the water environment
of Shenzhen.
3. Computational frameworks such as E-WAS can be flexibly used for various regions. Particularly, under these
frameworks, significantly different results with respect
to the adjustment of priority levels for the water supply for various sectors will be obtained (in this study,
the priority levels for water supply for ecological purposes and for social-economic purposes are the same).
This is determined by the levels of importance that are
attached to water consumption for social and economic
sectors and the ensuring of ecological flows in the river
channels in the region. When ecological improvement is
set to a high priority level in the E-WAS, the SDE will
increase further. Under this condition, due to the constraint of the global objective function, there will not be
relatively large deficiencies in water use for social and
economic purposes.
4. At present, the E-WAS framework does not include a
prediction function, and it is distinguished from a real
time reservoir operation model. Thus, the framework is
more useful in the planning stage. It can be used as a
tool for controlling the use of water resources for water
replenishment planning and to provide scheme for regional water control planning to promote rational management of water resources, alleviate contradictions to
water demand over supply and improve the flow into the
river on the regional and even national levels.
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