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Environmental flow (e-flow) release criteria are key parameters in water resources management
and riverine ecosystem protection. The previous methods for e-flow criterion determination are
based on the historical flow time series without the consideration of flow uncertainty. Due to low
possibility of reoccurrence of the historical flows and the uncertainty of future flows, the flow
uncertainty needs to be integrated in the process of determining e-flow release criteria. In this
research, a new method is proposed to determine the optimal e-flow release criteria under flow
uncertainty accounting for both the human and riverine ecosystem needs. In the new method,
the scenario tree method is applied to generate the scenarios of flows, which can cover most of
possible flow conditions and can effectively reflect the uncertainty of flows; the Range of Variability
Approach (RVA), a most commonly used method to assess the flow regime alteration, is refined by
incorporating the uncertainty of flows. The Tang River in Northern China is taken as a case study
to test the effectiveness of the new method. The results show that the previous method obviously
overestimates the optimal e-flow release criteria and the newmethod can get more suitable criteria
that are suitable for both human and riverine ecosystems.

1. Introduction

One-third of the world’s population are under the pressure of water scarcity and estimates
suggest that by 2050 more countries will experience water shortage [1]. Increasing water
supply has become an urgent task in the world [2, 3]. Rivers as the major sources for water
supply are expected to provide more water to humans. However, rivers also need water
to sustain their health [4, 5]. The overwithdrawal of water from rivers has led to severe
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degradation of riverine ecosystems in the world [6–8]. To address the conflict between human
and riverine ecosystems, it is necessary to conduct research on how to balance the water
requirements between the two users [9–12].

The concept of environmental flows (e-flows) is developed to direct water allocation
between humans and rivers. Sustaining e-flows has become a basic principle for water
resources management [1, 5, 13–15]. E-flows are defined as the volume of water that should
remain in a river and its variation over time to sustain specified ecosystem conditions [16].
Manymethods have been developed to determine the e-flows, such as hydrological methods,
hydraulic rating methods, habitat simulation methods, and holistic methods [17–22]. Among
them, many methods try to determine one or several fixed values of e-flows [20, 21]. After
the development of several decades, scientists found that the full range of natural intra- and
interannual variability of hydrological regimes, and the associated characteristics of flow
magnitude, frequency, duration, timing, and rate of change, are critical in determining the
structures and functions of riverine ecosystems [17, 23, 24]. It is widely acknowledged that
e-flow provision should try to maintain natural flow regimes rather than only to ensure one
or several fixed values [25–27]. Thus, the reduction of natural flow regime alteration has
become the key principle for e-flow assessment and provision. This principle has contributed
to the implementation of e-flow management on thousands of rivers worldwide [22, 28].

The e-flows reflect the characteristics of riverine ecosystems. In real-world water
resources management and e-flow provision, the e-flows must be balanced with the water
requirements of humans [11, 12]. Thus, after determining the e-flow requirements, the e-flow
release criteria need to be further determined. The release criteria directly specify the volume
of water used for e-flow provision. The e-flow release criteria can be equal to, greater than or
less than the e-flow requirements. They need to be determined accounting for both the human
and riverine ecosystem needs. Much research has been done to determine the e-flow release
criteria to downstream rivers. Most of the research only tried to maintain the minimum e-
flows and regarded the difference between the mean annual flows and the minimum e-flows
as the planned water diversion to humans [20, 29]. These methods are easy to apply in real-
world water resources management, but they have not taken into account the maintenance of
natural flow regimes. To effectively account for natural flow regimes, Shiau and Wu applied
the Range of Variability Approach (RVA) to investigate the effect of e-flow release criteria
on restoring the natural flow regime downstream and evaluated the tradeoffs between the
ecosystem and human needs associated with various combinations of water withdrawal and
e-flow release criteria [30]. Further, they used a compromise programming methodology to
identify the optimal e-flow release criteria that simultaneously assured the water supply
reliability and sustained the natural flow variability [31]. The innovative research is useful
to balance e-flow release and water diversion. In the research, the historical flow time series
were used to calibrate the e-flow release and water diversion models and got the optimal val-
ues for e-flow release criteria. When the optimized values are used to direct water resources
management in the future, the underlying assumption is that the historical flow time series
will occur again in the future. In fact, the flows in the future are quite uncertain [32, 33],
and the reoccurrence possibility of the historical flows is very low [34–39]. Thus, the values
optimized based on historical flowsmay be not optimal for the future flow conditions [40, 41].
In addition, uncertainty is a basic characteristic of flows. The use of historical flow data for
e-flow release criteria determination neglects the uncertainty of flows [42]. It is necessary to
establish new methods to optimize e-flow release criteria accounting for flow uncertainty.

Shiau and Wu’s research was performed for the rivers regulated by weirs. It is just
a simple scenario in e-flow release criterion determination, but it can serve as a significant
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foundation for future research on more complex river conditions with cascade dams. In this
research, we also consider this basic scenario and extend the previous research by accounting
for flow uncertainty. To incorporate the uncertainty of flows into the process of e-flow
criterion determination, in the method section the scenario tree method is applied to generate
flow scenarios that can effectively cover the possible conditions of flows. The RVA is refined
to suit the uncertainty of flows and is used to measure the degree of flow regime alteration.
The metric for water supply reliability is also refined due to the flow uncertainty. In the case
study section, the Tang River in Northern China is applied to test the effectiveness of the new
method.

2. Method

2.1. Scenario Tree

Scenario tree approach is a commonly used method to generate the possible scenarios of
flows. It is effective to realize the twin goals of covering the possible scenarios of flows
and reducing the computing time for optimizing water resources management parameters
by combining and reducing similar flow scenarios. It is widely used in water resources
management, and is also adopted in this research [43–46].

A scenario tree may be represented by a finite set of nodes. It starts from the root
node at the first period and eventually branches into nodes at the next period. Each node
has a unique predecessor node, but possibly several successors. The branching continues
up to nodes at the final period whose number corresponds to the number of scenarios.
Each possible discrete outcome is called a scenario. The generated set of scenarios, with the
corresponding probabilities, can be viewed as a representation of the underlying probability
distribution [47].

Constructing the scenario tree involves two steps, that is, scenario generation and
scenario reduction. In the step of scenario generation, a scenario tree is firstly generated
which can represent sufficiently well the historical data. Sampling from historical time series
or from statistical models is the most popular method for generating scenarios. The resulting
tree may be much larger than the desired size, because too many scenarios may lead to a
dimensionality problem. So in the step of scenario reduction, the number of scenarios is
reduced to reach the size limit that is still a sufficient good approximation of the original one
[44]. The reduction algorithms based on Kantorovich distance not only consider distances,
but also the probabilities of the scenarios, in order to avoid the important information might
be lost. Scenarios are deleted if the Kantorovich distance near to some other scenario. In each
step one scenario is deleted and the probability of the deleted scenario is added to the nearest
scenarios. This deleting procedure is applied iteratively, until a given number of scenarios is
remaining. The details for scenario generation and reduction can refer to Brand et al. [48].

Based on the scenario tree approach, a specified number of scenarios of flows can
be generated. In this research, one scenario is the daily flows for one year. The sum of all
probabilities of the remaining scenarios should remain equal to 1.

2.2. Refined RVA under Flow Uncertainty

The RVA is the most commonly usedmethod to assess the degree of flow regime alteration. In
RVA, 32 Indicators of Hydrological Alteration (IHAs) are adopted (Table 1). These IHAs are
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divided into five groups, that is, magnitude, duration, timing, frequency, and rate of change
[17]. According to the RVA, a range of variation for each IHA is derived from the natural
hydrological time series and is set as the flow management target. The range of the 25th and
75th percentiles of the natural daily flows has been recommended as the management target
[18]. The degree of alteration, Dm, is used to measure the deviation of the impacted flow
regime from the natural one for the mth hydrological indicator, which is defined by

Dm =
∣
∣
∣
∣

No,m −Ne,m

Ne,m

∣
∣
∣
∣
× 100%, (2.1)

where No,m is the observed number of postimpact years in which the value of the mth
hydrological indicator falls within its RVA target range;Ne,m is the expected number of post-
impact years in which the indicator value falls within the RVA target range.

Equation (2.1) is from the original RVA, which does not account for the possibility of
the flow time series in each year. To take into account the possibility of flows of each year,
(2.1) could be replaced by the following equation:
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whereNm is the observed number of post-impact years; po,m is the possibility of post-impact
years in which the value of the mth hydrological indicator falls within its RVA target range.
Ne,m/Nm is replaced by 50%, because the expected possibility of post-impact years in which
the value of the mth hydrological indicator falls within 25th and 75th percentile is equal to
50%.

Equation (2.2) could be further replaced by (2.3) by incorporating the possibility of
the flow time series in each year

Dm =
∣
∣
∣
∣

∑
pi,m − 50%
50%

∣
∣
∣
∣
× 100%, (2.3)

where pi,m is the possibility of the ith flow scenario under which the value of the mth
hydrological indicator falls within its RVA target range.

∑
pi,m is not equal to 1 in this formula,

because the indicator values of only a few post-impacted flow scenarios can fall within 25th
and 75th percentiles.

Then, the overall degree of hydrologic alteration (Do) is defined as follows:

Do =
1
32

32∑

m=1

Dm. (2.4)

The degree of flow regime alteration could be further categorized into three levels: low
alterations (values of D between 0 and 0.33), moderate alterations (values of D between 0.33
and 0.67), and high alterations (values of D between 0.67 and 1.0) [49].
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Table 1: Hydrological alterations corresponding to the optimal e-flow release criterion under flow uncer-
tainty.

IHA group IHA Values

Group 1: magnitude of
monthly flow conditions

Mean flow in January 1
Mean flow in February 1
Mean flow in March 1
Mean flow in April 1
Mean flow in May 1
Mean flow in June 1
Mean flow in July 0.71

Mean flow in August 0.68
Mean flow in September 0.82
Mean flow in October 1

Mean flow in November 1
Mean flow in December 1

Group 2: magnitude and
duration of annual extreme
flow conditions and base flow
condition

Annual 1-day minimum flow 0.11
Annual 1-day maximum flow 0.22
Annual 3-day minimum flow 0.17
Annual 3-day maximum flow 0
Annual 7-day minimum flow 0.02
Annual 7-day maximum flow 0.56
Annual 30-day minimum flow 0.11
Annual 30-day maximum flow 0.84
Annual 90-day minimum flow 1
Annual 90-day maximum flow 1

7-day minimum flow divided by mean flow in each year 0.78

Group 3: timing of annual
extreme flow conditions

Date of annual 1-day maximum flow 0.11
Date of annual 1-day minimum flow 0.12

Group 4: frequency and
duration of high and low
pulses

Number of high pulses in each year 0.13
Number of low pulses in each year 0.3

Mean duration of high pulse in each year 0.02
Mean duration of low pulse in each year 0.01

Group 5: rate and frequency of
flow condition changes

Mean of all positive differences between consecutive daily flows 0.45
Mean of all negative differences between consecutive daily flows 0.45

Number of flow reversals 1

2.3. Refined Metric for Water Supply Reliability

The water supply reliability is defined as the ratio of the overall actual water supply to
humans and the overall planned water supply over a planned period [11]. Equation (2.5)
is the previous metric for water supply reliability, which does not account for the flow
uncertainty

R =

∑T
j=1

∑365
i=1 RWij

∑T
j=1

∑365
i=1 PWij

, (2.5)
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where R is the water supply reliability; T is the number of years during the planned water
supply period; RWij is the actual water supply to humans for the ith day jth year; PWij is the
planned water supply to humans for the ith day jth year.

Based on (2.5), we could further develop the metric for water supply reliability
accounting for the possibility of flow scenarios (see (2.6)). Here, we assume the planned
water supply for each year is the same. In fact, many cases of real-world water supplies meet
this assumption during a planned horizon [4, 11]

R =

∑T
j=1

∑365
i=1 RWij

T
∑365

i=1 PWij

=

∑T
j=1 Rj

T
=

N∑

k=1

pk × Rk, (2.6)

where Rj is the water supply reliability for year j; N is the scenario number after scenario
reduction; Rk is the water supply reliability for flow scenario k; pk is the possibility of flow
scenario k.

2.4. Water Diversion Model

In this research, we consider the rivers regulated by weirs. The priority-based weir man-
agement model is suitable for water diversionmanagement [4]. We adopt the water diversion
model by Shiau and Wu [30, 31, 50, 51] for e-flow release and water diversion. The model is
as follows:

IfQN,k < QIF, then QE,k = QN,k, and RQU,k = 0,

IfQIF ≤QN,k < DU,k +QIF, then QE,k = QIF, and RQU,k = QN,k −QIF,

IfQN,k ≥DU,k +QIF, then QE,k = QN,k −DU,k, and RQU,k = DU,k,

(2.7)

where QN,k is the inflow to the diversion on day k; QIF is the e-flow release criterion, which
is employed to meet environmental flow requirement, and this parameter will be optimized
in this paper; QE,k is the actual flow released to the downstream river on day k; DU,k is the
planned water supply to human beings on day k; RQU,k is the actual water supply to human
beings on day k.

2.5. Objective of E-Flow Release Criterion Optimization

Increasing water supply reliability and reducing the degree of flow regime alteration are
the two conflicting objectives for water resources management. It is a typical multiobjective
optimization. To find the optimal e-flow release criteria, it is necessary to integrate the two
objectives into one objective. Based on the method of compromise programming [42, 51–53],
the combined objective is as follows:

Min

[

wD

(
Do −Do,min

Do,max −Do,min

)2

+wR

(
Rmax − R

Rmax − Rmin

)2
]1/2

, (2.8)
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where Do,max and Do,min are the maximum and minimum values of the overall degree of
hydrological alteration. Rmax and Rmin are the maximum and minimum values of water
supply reliability. WD and WR are weighting factors for hydrological alteration and water
supply reliability, respectively. As an example, in this research they are set at 0.5, indicating
an equal position for human and riverine ecosystems.

3. Case Study

The Tang River is an important river in northern China. It is about 123 km long, with a
drainage area of 1462 km2. The river is mainly used for water supply. It provides water for
four major water users: the Liaoning Chemical Industry Group, the Anshan Domestic Water
Supply Company, the Liaoyang Domestic Water Supply Company, and the Gongchangling
Mine Industry Company. The current planned water supplies for these users are 54.8 × 106,
73 × 106, 36.5 × 106, and 18.3 × 106 m3 each year, respectively. It is the main drinking
water source of Liaoyang City. Due the diversion of large amount of water for the river,
severe degradation has occurred in the river ecosystem. It is urgent to balance the water
requirements of human beings and rivers. To demonstrate the methods established above,
we assume all the planned water supplies are withdrawn from a weir on the river. The daily
runoff data from 1950 to 1969 at the Tanghe gauge station are used in this paper.

4. Results

Based on the historical runoff data, the scenario tree approach is applied to generate the
possible scenarios of flows. 2000 scenarios of flows are generated and are then reduced to 200
scenarios. In this research, the e-flow release criterion QIF is assumed to be constant for each
month. The optimal value for QIF is determined by exploring all the values of QIF between
0m3/s and the 5.8m3/s (themean annual flow)with an increment of 0.1m3/s and evaluating
the effects of different QIF on the hydrological alterations and water supply reliability. Under
the present water supply of 5.8m3/s, the minimum and maximum water supply reliabilities
are 0.2 and 0.58, and the minimum and maximum degrees of flow regime alteration are 0.48
and 0.81, respectively. According to (2.8), the optimal e-flow release criterion is 1.2m3/s. The
corresponding overall hydrological alteration and water supply reliability are 0.58 and 0.47,
respectively. The very low reliability of water supply is due to the high planned water supply
(approaching to the mean annual water supply) and the inability of weir to store water. The
flow alteration degrees for the 32 IHAs are listed in Table 1.

Hydrological Alterations of Indicators in Group 1

The alteration degrees for the indicators related to monthly magnitude are all in the category
of high alteration. It is due to the high planned water supply to humans. The ecological
functions closely related to the monthly flows, such as the provision of habitat in river
channels, will be severely disturbed. Interestingly, the alteration degrees for the monthly
flows in July, August, and September are relatively lower. It is because the three months
are in the flood season and many high flows could be released following the present water
diversion and e-flow release model during these three months.
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Hydrological Alterations of Indicators in Group 2

The alteration degrees for 1-, 3-, 7-, and 30-day minimum flows and the 1-, 3-, and 7-day
maximum flows are all in the category of low alterations. It indicates the ecological functions
related to extreme flow magnitude could be effectively maintained. The other indicators are
in the category of moderate or high alterations because these indicators are similar to the
monthly flows that are significantly influenced by the high planned yield.

Hydrological Alterations of Indicators in Group 3

The alteration degrees for the date of extreme flows are all in the categories of low flows. The
timing of annual extremes significantly influence the start of life cycle of aquatic organisms.
Maintaining the timing of annual extremes are possiblymore important than themaintenance
of the magnitude of annual extreme in terms of the life cycle of aquatic organisms [25, 54].

Hydrological Alterations of Indicators in Group 4

The alterations degrees for the indicators of frequency and duration of high and low pulses
are all in the category of low alteration. The low alteration of these indicators is significant
to sustain the ecological functions related to the high flow pulses such as the provision of
access by fish to floodplains for feeding, spawning, and nursery areas and the determination
of the streambed substrate size, and the functions related to extreme low flows such as the
elimination of exotic species.

Hydrological Alterations of Indicators in Group 5

The indicators related to the rate of flow changes and flow reversals are in moderate or high
degree. It mainly stems from the reduction of flow reversal when the flows are between the
e-flow release criteria and the sum of the release criteria and the planned yield.

5. Discussion

5.1. Comparison of the Optimal Results with and without Considering
the Flow Uncertainty

In the above section, the planned water supply is 5.8m3/s. We further set the planned
yield between 1m3/s and 6m3/s with an increment of 1m3/s. Under these planned yields,
the optimal e-flow criteria and the corresponding degree of flow regime alteration and
water supply reliability are determined with and without accounting for flow uncertainty,
respectively. The results are shown in Table 2.

Table 2 shows the optimal e-flow criteria under flow uncertainty are obviously lower
than those without taking into account the flow uncertainty. Thus, without taking into
account the flow uncertainty, the water resources managers tend to sustain more water in the
river ecosystems. The obvious difference of e-flow criteria under the two conditions further
demonstrates the needs of considering flowuncertainty. The degrees of flow regime alteration
under the flow uncertainty will be in the category of moderate alteration, while the alteration
degrees without considering the flow uncertainty are all in the category of low alteration.
The higher alteration degree stems from the lower e-flow release criteria. It indicates that
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Table 2: The optimal results for different planned water supplies.

Planned water
supply (m3/s)

Flow uncertainty Historical data
E-flow release

criterion
(m3/s)

Hydrological
alteration

Water supply
reliability

E-flow release
criterion
(m3/s)

Hydrological
alteration

Water supply
reliability

1 1.2 0.37 0.69 4.4 0.11 0.65
2 1 0.49 0.66 3.2 0.12 0.70
3 1 0.52 0.60 3.4 0.15 0.65
4 1.2 0.52 0.54 3.9 0.19 0.58
5 1.2 0.54 0.50 3.7 0.22 0.56
6 1.8 0.54 0.41 4.1 0.22 0.51

without taking into account the flow uncertainty the optimized e-flow criteria will be positive
to the maintenance of natural flow regime and consequently the better protection of riverine
ecosystems. The water supply reliabilities under the two scenarios generally do not show
obvious difference. It indicates the major influence of incorporating flow uncertainty is on
e-flow release criteria and the corresponding degree of flow regime alteration, while the
influence on human water supply is very limited.

Because it is too tedious to compare the difference of alteration degree for each of the
32 IHAs between the uncertain and certain flows, we compare the difference for the average
values for the five groups. The results are shown in Figure 1. Under inflow uncertainty, the
alteration degree for the magnitude of monthly flows (group 1), magnitude and duration of
annual extreme flows (group 2), timing of annual extreme flow conditions (group 3) and rate
and frequency of flow condition changes (group 5) are always greater than that under the
certain flows (the historical data), while only the frequency and duration of high and low
pulses (group 4) show lower alteration degrees for some planned yields.

5.2. Effects of Changing Both E-Flow Release Criteria and Planned Yields

Besides the optimal e-flow criteria which have been discussed above, the water resources
managers are also interested in the effects of different combination of e-flow criteria
and planned yields on water supply reliability and flow regime alteration. Here, we
further determine the water supply reliability and flow regime alteration under different
combination of e-flow criteria and planned yields. Both the planned water supply and the
e-flow release criteria vary from 0 to 6.3m3/s (average runoff from 1950 to 1969 at Tanghe
gauge station) with an increment of 0.1m3/s, which forms 4096 e-flow criteria and water
diversion scenarios.

Figure 2 shows the water supply reliability under various combinations of e-flow
release criteria and plannedwater diversion. Higher water supply reliability mainly locates in
the lower left corner of the contour map, that is, low e-flow release criteria and low planned
water supply. Despite the high water supply reliability, these combinations of e-flow and
water supply are not recommended due to the low volume of the total water supply. Lower
water supply reliability appears in the upper right corner of the contour map, that is, high
e-flow release criteria and high planned water supply. Besides, the distance between two
contour curves decreases with the increase of the reliability. It indicates that under the high
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Figure 1: The average hydrological alteration degree of each group of IHAs with and without the
consideration of flow uncertainty. (a) group 1; (b) group 2; (c) group 3; (d) group 4; (e) group 5.

water supply reliability the reliability is more sensitive to the change of e-flow criteria and
planned water supply than that under low reliability.

Figure 3 shows the overall hydrological alteration for different e-flow criteria and
planned water supply. When the planned water supply is no more than 2.8m3/s, the degree
of flow regime alteration will be always in the category of low alteration (less than 0.33).
From the perspective of riverine ecosystem protection, it is recommended to set the planned
water supply no more than 2.8m3/s. In addition, when the e-flow release criterion is less
than 1m3/s and the planned water supply is greater than 1.3m3/s, the degree of flow regime
alteration is always in the category of high alterations. The e-flow release and water supply
combination within this region should be avoided to protect the riverine ecosystem. Thus,
although the planned water supply and e-flow release criteria can influence the degree of
flow regime alteration simultaneously, the low and high alteration degree is corresponding to
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Figure 2: Contour map of the water supply reliabilities under different e-flow release criteria and planned
yields.
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Figure 3: Contour map of the degree of flow regime alteration under different e-flow release criteria and
planned yields.

limited ranges of e-flow release criteria and planned water supply. The identified ranges are
helpful for the water resources managers to design suitable combinations of planned water
supply and e-flow release criteria.

6. Conclusions

In this study, a method is developed to determine the optimal e-flow release criteria
accounting for the uncertainty of flows. The scenario tree method is applied to generate
the scenarios of flows and to reduce the flow scenarios to specified number of scenarios.
The reduced scenarios can sufficiently cover the possible flow conditions and can effectively
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reflect the uncertainty of flows. The RVA, a widely used method to assess the flow regime
alteration, is refined by incorporating the uncertainty of flows. The metric for water supply
reliability is also modified through the incorporation of the possibility of each flow scenarios.
The new method is applied to the Tang River to demonstrate its effectiveness. The following
conclusions are drawn.

(i) The previous method for e-flow criteria determination is based on the historical
flow time series without the consideration of flow uncertainty. The case study
shows the previous method obviously overestimates the optimal e-flow release
criteria suitable for both humans and ecosystems. Because the historical flow
time series will not occur again and the future flows are still uncertain, the flow
uncertainty needs be integrated in the process of e-flow release criteria.

(ii) Although the planned water supply and e-flow release criteria can influence the
degree of flow regime alteration simultaneously, the low and high alteration degree
may be corresponding to limited ranges of e-flow release criteria and planned
water supply. For example, in this research, the low degree of the overall flow
regime alteration is mainly corresponding to the planned yield no more than
2.8m3/s, while the high alteration degree is mainly corresponding to the e-flow
release criteria less than 1m3/s. The identified ranges can help the water resources
managers design suitable combinations of planned water supply and e-flow release
criteria.
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