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Abstract It is well recognized that natural flow variability is an inherent characteristic of
rivers. Altered natural flow regime caused by anthropogenic regulations would threaten
ecosystem biodiversity and deteriorate riverine health. Wavelet transform is a newly-
developed tool that extracts dominant modes of variability by decomposing a non-stationary
series into time-frequency space, which can be used to detect hydrologic alteration at various
scales caused by reservoir operation. Continuous wavelet transform is simultaneously applied
to recorded hourly inflow and outflow series of 1998–2008 for the Feitsui Reservoir located in
northern Taiwan. Differences between wavelet power spectrum obtained for outflow and
inflow series denote severity of hydrologic alteration. Greater spectral alteration is observed
at less-than-1-day scales due to peak-load hydropower releases. The spectral alteration grad-
ually declines with increasing scales. Different variation patterns for the yearly time-averaged
spectral difference also reveal that the altered spectrum depends on hydrologic conditions. The
index of spectral alteration (ISA), defined as the mean absolute deviations of power spectrum
for all scales over a certain time period, is proposed to quantitatively assess severity of altered
natural flow regime. ISA of 5 can be roughly recognized as the division of dry and non-dry
years for the Feitsui Reservoir case. The obtained results offer decision makers useful
information to adopt adaptive operating strategies to mitigate negative impacts of altered
natural flow regime and derive optimal trade-off between human and environmental needs.

Keywords Natural flow regime . Reservoir operation . Wavelet transform . Index of
spectral alteration

1 Introduction

Rapid economic development associated with increasing population in urban areas calls for
building a considerable amount of reservoirs to meet a burst of water requirements worldwide.
Stable water-supply, irrigation, hydroelectric power production, navigation, and flood-peak
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attenuation provided by reservoir operation are economically rewarding. However, most rivers
flowing through metropolitan areas suffer from dam-induced hydrologic alteration. It is widely
recognized that altered natural flow regime caused by reservoirs threatens ecosystem biodi-
versity and deteriorates riverine health (Ligon et al. 1995; Poff et al. 1997; Batalla et al. 2004;
Magilligan and Nislow 2005; Graf 2006; Singer 2007; Schmidt andWilcock 2008; Petts 2009;
Botter et al. 2010; García et al. 2011; FitzHugh and Vogel 2011).

Natural flow variability is an inherent characteristic of rivers, which is resulted from
integrated hydrologic and climate processes at various temporal scales. Losses of such natural
variability are often experienced in the downstream of dams. Reservoir releases according to
specific purposes would disrupt the natural cycles and/or create new cycles unrelated to the
natural streamflow regime. Variability of regulated streamflow becomes further complex since
it comprises natural variability and anthropogenic effects. Understanding impacts of anthro-
pogenic regulations on natural flow regime is an essential component in river management to
restore lost natural variability. A commonly used approach to quantify impacts of altered
streamflow is comparing pre- and post-impact streamflow series since streamflow records are
available at most rivers. Several approaches and hydrologic indicators (Richter et al. 1997;
Puckridge et al. 1998; Jowett and Biggs 2006; Arthington et al. 2006; Mathews and Richter
2007; Monk et al. 2007; Shiau and Wu 2008; Gao et al. 2009; Poff et al. 2010) have been
developed to characterize impacts of anthropogenic regulations on natural flow regime at
multi-temporal scales and a vast literature has applied those approaches to investigate ecolog-
ically relevant water-resources problems (Richter et al. 1998; Galat and Lipkin 2000; Maingi
and Marsh 2002; Smakhtin et al. 2006; Shiau and Wu 2007, 2009; Xia, et al. 2009; Yang, et al.
2010; Yin and Yang 2011; Suen 2011; Yang, et al. 2012; Chen et al. 2013).

Altered streamflow regime at a specific temporal scale cannot be identified if such
temporal-scale hydrologic indicator is not pre-assigned in those previously proposed ap-
proaches. Spectral analysis such as wavelet transform provides an alternative method to
simultaneously examine hydrologic alterations at multiple temporal scales. Wavelet transform
is a mathematical tool for extracting the dominant modes of variability from non-stationary
series. Since its computational efficiency, wavelet transform has been increasingly applied in
climatology (Kikuchi and Wang 2010; Lim et al. 2013), hydrology (Wang et al. 2011; Niu and
Sivakumar; 2013; Sang 2013), oceanography (Thiebaut and Vennell 2010), seismology
(Cannata, et al. 2013), and water resources (Ramana et al. 2013; Sahay and Srivastava
2014). However, few studies are devoted to examine hydrologic alteration induced by
reservoir operation using wavelet transform. White et al. (2005) had conducted wavelet
analyses to examine the hydrologic structure of the Colorado River at Lees Ferry influenced
by the Glen Canyon Dam. Steel and Lange (2007) analyzed water temperature data from the
Willamette River basin (U.S.A.) to detect impacts of multi-purpose reservoir operation on
water temperature at multi-temporal scales using wavelet analysis. Zolezzi et al. (2009)
proposed an integrated approach of wavelet transform analysis and range of variability
approach (RVA) to assess hydrologic alteration of the Adige River (Italy) caused by hydro-
power production at multiple temporal scales.

This study aims to assess alteration of natural flow regime influenced by the multi-purpose
Feitsui Reservoir located in northern Taiwan at multiple temporal scales using wavelet
transform. Feitsui Reservoir, situated 30 km southeast of the Taipei City, is a stable water-
supply source of the Taipei metropolitan area and also provides flood-mitigation and
hydropower-generation purposes. Hydrologic alteration caused by Feitsui Reservoir had been
comprehensively explored by previous studies (Shiau and Wu 2010, 2013). However, simul-
taneous examination of hydrologic alteration at multi-temporal scales for the Feitsui Reservoir
is never addressed in literature. Wavelet transform is thus employed in this study to detect
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time-frequency alteration of natural flow regime caused by multi-purpose operation of Feitsui
Reservoir. In addition, an index of spectral alteration (ISA) is also proposed in this work to
represent severity of hydrologic alteration caused by reservoir operation.

The remainder of this paper is organized as follows. Section 2 presents a brief introduction
of wavelet transform theorem. Section 3 summarizes operating rules of the Feitsui Reservoir
and the hourly flow records during the period of 1998–2008 used for wavelet analysis. Results
and discussions are given in the Section 4, which is followed by the Section 5 of conclusions.

2 Methodology

2.1 Wavelet Transform

Wavelet transform is a mathematical tool to determine both the dominant modes of variability
and how the modes varying with time by decomposing a non-stationary series into time-
frequency space (Torrence and Compo 1998). Due to efficiency in time-frequency localization,
the wavelet transform provides a flexible time-scale window that narrows when focusing on
small-scale features and widens when focusing on large-scale features (Kumar and Foufoula-
Georgiou 1997). Continuous wavelet transform of a discrete series is briefly described in this
section. Detailed description of wavelet transform theorem can be referred to Lau and Weng
(1995), Kumar and Foufoula-Georgiou (1997), and Torrence and Compo (1998).

For a discrete series xn (n=0, 1, …, N−1) observed at a fixed time interval δt, the
continuous wavelet transform is defined as the convolution of the series xn with a set of
dilated and translated wavelet functions Ψ, which is written as

Wn sð Þ ¼
XN−1

k¼0

xkΨ
� k−nð Þδt

s

� �
ð1Þ

where Ψ* is the complex conjugate of Ψ; s denotes the scale, i.e., the width of the wavelet, a
larger value of s meaning more data included in calculation; Ψ is the wavelet function which is
dilated in scale and translated in time from a mother wavelet functions Ψ0 through
Ψ t; sð Þ ¼ 1

s1=2
Ψ0

t0−t
s

� �
Awavelet function must have zero mean and be localized in both time and frequency space

(Farge 1992). Choice of the wavelet function depends on its shape similar to signals for
analysis. Since the Morlet wavelet function well describes the wave-like signals such as
streamflow, it is commonly used for streamflow analysis (Nakken 1999; White et al. 2005;
Kang and Lin 2007; Adamowski et al. 2009; Zolezzi et al. 2009). The complex Morlet wavelet
function is

Ψ0 ηð Þ ¼ π−1=4eiω0ηe−η
2=2 ð2Þ

where ω0 is the nondimensional frequency, the value of 6 is taken in this study to satisfy the
admissibility condition (Farge 1992); η denotes the nondimensional time parameter.

In order to have fast computational efficiency, Torrence and Compo (1998) had indicated
that the convolution shown in equation (1) can be calculated as the inverse Fourier transform
of the product of the Fourier transformed xn and Ψ, which is given by

Wn sð Þ ¼
XN−1

k¼0

bxk bΨ
�
sωkð Þeiωk nδt ð3Þ
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where bxk is the discrete Fourier transform of xn and is calculated as

bxk ¼ 1

N

XN−1

n¼0

xne
−2πikn=N ð4Þ

ωk is the angular frequency and defined as

ωk ¼
2πk
Nδt

when k≤
N

2

−
2πk
Nδt

when k >
N

2

8><
>:

ð5Þ

bΨ sωð Þ in equation (3) is the discrete Fourier transform of Ψ(t/s) and needed to be
normalized to have unit energy in order that the derived wavelet transforms at each scale s
are directly comparable to each other.

bΨ sωkð Þ ¼ 2πs
δt

� �1=2
bΨ0 sωkð Þ ð6Þ

Since the complex Morlet wavelet function is adopted, the obtained wavelet transform Wn

(s) is also a complex. The wavelet power spectrum (WPS) is thus defined as |Wn(s)|
2 to

describe the distribution of energy among the modes of variability. By varying the wavelet
scale s and translating along the time index n, the power spectrum diagram is constructed to
show both the amplitude of any features versus the scale and how this amplitude varies with
time. Choice of scales is determined by the fractional powers of two for convenience. That is,

s j ¼ s02
jδj; j ¼ 0; 1;…; J ð7Þ

where s0 is the smallest scale and 2δt is used in this study; δj is the scale interval and 1/50 is
used to obtain finer resolution in power spectrum; J determines the largest scale for spectrum
analysis. Steel and Lange (2007) suggested using 10 % of observation at most to determine
this largest scale.

2.2 Index of Spectral Alteration

In this study, wavelet transform is simultaneously applied to reservoir inflow and outflow
series to detect effects of reservoir operation on alteration of natural flow regime. Differences
between wavelet power spectrum (WPS) obtained for reservoir inflow and outflow series
denote hydrologic alteration caused by reservoir operation. To simplify and quantify assessing
procedure, the index of spectral alteration (ISA) is proposed to represent severity of altered
natural flow variability, which is defined as

ISA ¼ 1

n2−n1 þ 1ð Þ J þ 1ð Þ
X
j¼0

J X
n¼n1

n2

Wn;A s j
� ��� ��2− Wn;N s j

� ��� ��2���
��� ð8Þ

where |Wn,A(s)|
2 and |Wn,N(s)|

2 denote the WPS of reservoir outflow (altered streamflow) and
inflow (natural streamflow), respectively.

The value of ISA represents mean absolute deviations of outflow WPS from inflow WPS
for all scales over a certain time period. Null value indicates that natural flow regime is not
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disturbed, i.e., outflow series is identical to inflow series. Greater ISA implies severe alteration
caused by reservoir operation. However, the value of ISA also depends on magnitude and
seasonal variability of inflow, purposes and operating policies of reservoir, and capacity of
reservoir. This proposed index can be applied to different time periods to compare severity of
hydrologic alteration caused by different reservoir operating polices adopted to cope with
various hydrologic conditions.

3 A Case Study – The Feitsui Reservoir System in Taiwan

The Feitsui Reservoir, located in northern Taiwan, dames the Peishih Creek (the north fork of
the Hsintien Creek) and is situated approximately 30 km southeast of the Taipei City (see
Fig. 1). Finished in 1987, Feitsui Reservoir serves as the stable water-supply source of the
Taipei metropolitan area. With an active capacity of 336 million m3 and installed hydroelectric
capacity of 70 MW, the Feitsui Reservoir also provides for flood-peak attenuation and peak-
load hydroelectric power generation.

The mean daily flows of the Peishih Creek (inflow of the Feitsui Reservoir) and the
Nanshih Creek (south fork of the Hsintien Creek) for the 1998–2008 period are 34.2 and
40.4 m3/s, respectively. The annual domestic demands for the downstream metropolitan areas
are approximate 1 billion m3 per year. Unregulated streamflow of the Nanshih Creek merged
with releases from the Feitsui Reservoir are used to meet this domestic demand (TFRA 2004).
The releases for domestic requirements from Feitsui Reservoir also pass through the installed
hydroelectric power plant for peaking hydropower generation, with mean annual production of
220 GWh.

The hourly inflow records of the Feitsui Reservoir for the 1998–2008 period are employed
to represent the natural streamflow, which are shown in the top panel of Fig. 2. The same
period of hourly outflows from Feitsui Reservoir, including domestic, hydropower production,

Fig. 1 Location map of the Feitsui Reservoir and the Hsintien Creek system in Taiwan
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and man-made compelling flood releases, are used to represent the altered streamflow, which
are shown in the top panel of Fig. 3.

To clearly demonstrate differences between inflow and outflow series, hourly inflow and
outflow series for the period of January 24−March 12, 2000 are shown in the top panel of
Fig. 4. This hourly flow hydrograph shows three typical outflow patterns according to different
inflow conditions. Subdaily mild variability of natural inflow replaced by a periodically
hydropeaking daytime 8-h release is evidently observed during non-flood periods. Small
floods are totally stored and continuous 24-h release for hydropower generation is implement-
ed during post-storm high pool-level periods. Man-made compelling flood release for flood-
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Fig. 2 The hourly inflow series (1998–2008) of the Feitsui Reservoir, Taiwan (top panel) and the corresponding
wavelet power spectrum (bottom panel)
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Fig. 3 The hourly outflow series (1998–2008) of the Feitsui Reservoir, Taiwan (top panel) and the correspond-
ing wavelet power spectrum (bottom panel)
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peak attenuation is implemented when inflow and pool level exceed predefined flooding
thresholds. To quantitatively assess impacts of such complex multi-purpose reservoir operation
on natural flow regime, wavelet analysis is conducted to detect time-frequency alteration.

4 Results and Discussions

4.1 Wavelet Analysis of the Multi-Purpose Feitsui Reservoir Operation

The recorded hourly inflow and outflow series for the 1998–2008 period are used to assess
impacts of the Feitsui Reservoir operation on the natural flow regime using wavelet transform.
A total of 96,432 (=N in equation (3)) hourly streamflow data (δt=1 h) associated with the
largest scale of 1.1 years leads to the resulting WPS which are shown in the bottom panels of
Figs. 2 and 3 for reservoir inflow and outflow series, respectively. Wavelet power spectrum
shown in these figures and thereafter is represented by the base-2 logarithm and expressed in
terms of color scale ranging from blue (low power=−2) to red (high power=23). The white
swath shown in figures indicates that the logarithmic WPS is less than −2.

Low spectral power of inflow series at scales less than 2 days is clearly observed in the
bottom panel of Fig. 2 since mild variation of streamflow occurs in most non-storm periods.
The extreme high power (i.e. red swath) at less-than-2-day scales is attributed to floods. Great
oscillation of power thus occurs at less-than-2-day scales because streamflow is highly
fluctuated between non-flood and flood periods. Spectral power generally increases with
increasing scales, i.e., color changes from blue to green, yellow, orange, and then red with
increasing scale. In addition, evident temporal fluctuation of WPS at lower scales along the
time-axis gradually diminishes with increasing scales, especially when scales exceed 6 months.
To better demonstrate the diminished spectral fluctuation with increasing scales, Fig. 5 shows
the time variation of WPS of inflow series at 8-h, 1-day, 1-week, 16-day, 1-month, 3-month, 6-
month, and 1-year scales. The reduced oscillation of WPS at greater scales is caused by
smoothing effect, i.e., more data used in calculation resulting in less oscillation. Slight power
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Fig. 4 Recorded inflow and outflow series for the period of January 24 – March 12, 2000 (top panel) and the
corresponding spectral differences (bottom panel)
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fluctuation along time-axis at 1-year scale can be neglected when comparing with fluctuations
of other smaller scales, which is shown in the bottom panel of Fig. 5.

It is worthy to note three significant alterations of outflow WPS (bottom panel of Fig. 3),
which include increased power at less-than-1-day scale, reduced power at scales between 1 day
and 30 days, and extremely low power occurred in the beginning of 2003. Hydropeaking
caused by peak-load type hydropower production leading to violently disturbed streamflow
during non-flood periods (see top panel of Fig. 4) causes increasing power at scales less than
1 day. The higher energy swaths (yellow-orange-red region) of inflow spectral power between
1- and 30-day scales slightly reduce since most small floods are totally stored (comparing top
panels of Figs. 2 and 3). Extremely low-energy (white swath) in the beginning of 2003 is
attributed to severe drought occurs in that period and reservoir operating strategy is changed to
drought mode. Water rationing measures implemented in severe drought periods dramatically
reduce domestic and hydropower releases. The time variation of outflow WPS at various
scales is also shown in Fig. 5. At smaller scales (less than 1 day), outflow WPS has greater
oscillation than inflow WPS. This evident oscillation of outflow WPS also diminishes with
increasing scales. Reduced spectral difference between outflow and inflow series is observed
with increasing scales. Negligible spectral difference at 1-year scale implies that outflow series
is highly similar to inflow series at that scale.

Figure 6 shows the spectral difference between reservoir outflow and inflow series, defined
as |Wn,A(sj)|

2− |Wn,N(sj)|
2, at various scales for the 1998–2008 period to clearly demonstrate

effects of Feitsui Reservoir operation on the WPS alteration. Generally, greater spectral
differences (i.e., red swath) are observed at less-than-1-day scales, which are caused by

Fig. 5 Time variation of wavelet power spectrum of Feitsui Reservoir inflow and outflow series at various scales
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hydropeaking-type outflow series and mild-variation inflow series. Such phenomenon can be
observed by comparing outflow and inflow series associated with corresponding WPS shown
in Figs. 2 and 3. Figure 4 also clearly demonstrates greater spectral differences occurred at
lower scales for the specific period of January 24−March 12, 2000. This larger spectral
difference occurred at lower scales gradually declines with increasing scales due to more data
employed in calculation, i.e., smoothing effect. At greater-than-1-year scales, minor spectral
difference is attributed to the limited capacity of Feitsui Reservoir that cannot entirely store
rare floods, which agrees with results shown in Fig. 5. In addition, extremely high spectral
differences (i.e., yellow-orange-red swath) are also noted during severe drought periods such
as the period from mid-2002 to mid-2003 at small and moderate scales. This inconsistent
variation pattern is caused by implementation of drought operating rules such as water
rationing. This fact implicitly implies that spectral differences also depend on the hydrologic
condition since it would affect reservoir operating policies.

4.2 Time-Average Wavelet Power Spectrum Analysis

To simplify the hour-based wavelet analysis and examine spectral differences over a yearly
period, the yearly time-averaged spectral differences at various scales are calculated as

1
n2−n1þ1ð Þ ∑

n¼n1

n2

Wn;A s j
� ��� ��2− Wn;N s j

� ��� ��2���
��� and shown in Fig. 7. A similar variation pattern,

i.e., greater spectral alteration at smaller scales and less spectral alteration at larger scales, is
observed for all years. However, severe spectral alteration, especially at smaller scales, are
noted for years 2002 and 2003, which are recognized as dry years during the 1998–2008
period. Fig. 7 is in line with the spectral differences at various scales shown in Fig. 6, but it
offers a useful and simple way to show various variation pattern of spectral alteration for
different years and different scales. Regardless of hydrologic conditions, spectral difference
increases from approximate 5 (in a range of 4.4−6.0) at 2-h (smallest) scale to a peak
difference at 4- to 8-h scale, and then declines to less than 4 when the scale exceeds 2 days.
A scale of 2-day can be considered as a division to separate high and low spectral differences.
Spectral differences form a peak or plateau when the scale is less than 2-day, and a slightly
declined plain at greater-than-2-day scales.
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Time variations of the values of index of spectral alteration (ISA) associated with annul
runoff for each year are shown in Fig. 8. A clear opposite variation pattern between ISA and
annual runoff is observed. The greatest ISA of 9.5 occurred in 2003 is associated with the
lowest annual runoff of 538.7 million m3. The second and third lowest annual runoff of 549.7
and 721.8 million m3 in 2002 and 1999 have second and third greatest ISAs of 5.0 and 4.1,
respectively. The ISA of other years ranges between 3.6 and 3.8, while annual runoff has a
range of 888.1−1587.1 million m3. This result reveals that hydrologic wet and normal years
would result in similar spectral alteration and ISA, which is attributed to the same releasing
rules being used to guide reservoir operation. Extremely severe spectral alteration associated
with greater ISA occurred in dry years is caused by drought-mode operation rules. During
extreme low-inflow periods such as end of 2002 to beginning of 2003, intermittent releases for
hydropower production are implemented due to low pool level. Reservoir inflow is generally
conserved for future use and unregulated streamflow from the Nanshih Creek is used with top
priority to meet domestic requirement. Water rationing measure is implemented for reducing
domestic releases during continuous and prolonged droughts would further increase spectral
alteration. Greater spectral differences are thus observed in drought years for all scales when
comparing with results of wet and normal years.

It is difficult to determine the boundary ISA for dry and non-dry years due to the short
length of 11 years. Since years of 2002 and 2003 are recognized as dry years, values of ISA for
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the wet and normal years are roughly less than 5 for the Feitsui Reservoir case. That is, dry-
year category of Feitsui Reservoir case would have ISA greater than 5. Since the value of ISA
depends on hydrologic conditions and reservoir characteristics such as capacity, purposes, and
operating policies, the ISA of 5 is used as a division of dry and non-dry years for the Feitsui
Reservoir case only. In addition, further information such as longer yearly ISAs from simu-
lations is required to determine the general criteria of ISA for high-, moderate-, and low-
alteration categories.

The globally time-averaged spectral difference of the 1998–2008 period is shown in Fig. 9,
which has a similar variation pattern with those of yearly ones. Spectral difference increases
from 5.2 at 2-h scale to a peak value of 10.9 at 8-h scale, and then rapidly declines to 5 at scale
between 1 and 2 days. Spectral difference at greater-than-2-day scale further decreases to 1
when the scale reaches 1 year. The ISA of the globally time-averaged spectral difference
shown in Fig. 9 is approximate 4.4, which belongs to the non-dry-year category according to
the results of the yearly ISAs. The globally time-averaged spectral difference associated with
the value of ISA over the entire analysis period offers a simple, but fast and efficient, approach
to detect dominant scales of significant alterations and how the alteration varying with scales.
However, such results represent long-term average effects and may ignore rare events such as
droughts occurred within the analysis period. For example, severe spectral alteration which
occurred in drought years such as 2002 and 2003 is not detectable in the globally time-
averaged spectral difference shown in Fig. 9. Instead, yearly time-averaged spectral difference
associated with the yearly ISA offer more information to describe variation of spectral
differences for various scales. It is worth noting that the yearly results also reflect the
hydrologic conditions which induce implementation of different reservoir operating rules to
cope with such hydrologic conditions.

5 Conclusions

Wavelet transform is adopted in this study to reveal time-frequency alteration caused by multi-
purpose Feitsui Reservoir operation. Continuous wavelet transform is simultaneously applied
to hourly inflow and outflow series for the 1998–2008 period. Differences between wavelet
power spectrum obtained for outflow and inflow series denote severity of hydrologic alter-
ations. The index of spectral alteration (ISA), defined as the mean absolute deviations of power
spectrum for all scales over a certain time period, is proposed to assess the severity of altered
natural flow regime. This index offers an efficient and quantitative approach for integrating
wavelet power spectrum to compare spectral alteration for various hydrologic conditions.

Significant differences between wavelet power spectrum obtained for outflow and inflow
series of Feitsui Reservoir reveal that wavelet transform is a useful tool to detect effects of
reservoir operation on natural flow regime. Due to hydropeaking-type releases for peak-load
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hydropower production causes violent and periodical oscillation at less-than-1-day scale,
significant spectral alteration at such scale is observed for the Feitsui Reservoir case. The
spectral alteration gradually declines with increasing scales, which can be ignored when the
scale is greater than 1 year. That is, outflow and inflow series have high similarity at greater-
than-1-year scales, which is attributed to limited capacity of Feitsui Reservoir.

The yearly time-averaged spectral difference of Feitsui Reservoir indicates that the altered
spectrum also depends on the dry and non-dry years since hedging rules are implemented to
cope with hydrologic drought condition. The proposed index of spectral alteration (ISA) offers
efficient and quantitative information to detect yearly variation of hydrologic alteration. ISA of
5 can be roughly recognized as the division of dry and non-dry years for the Feitsui Reservoir
case. This index can also be applied to entire 1998–2008 period to obtain globally time-
average spectral difference. However, such outcome obtained from long-term average effect
would ignore the rare events such as droughts.

Throughout wavelet analysis, effects of multi-purpose Feitsui Reservoir operation on
natural flow regime at various scales and different hydrologic conditions are clearly
represented. The obtained results offer decision makers useful information to adopt
adaptive operating strategies to mitigate negative impacts of altered natural flow regime.
The relationship between the proposed method and other comparing pre- and post-impact
series schemes such as the range of variability approach (RVA) is not explored in this
work. Furthermore, incorporating environmental flow requirements into reservoir operating
rules to derive optimal trade-off between human and environmental needs in terms of
minimizing spectral alteration and the proposed ISA is a feasible approach to protect
downstream ecosystem diversity and riverine health. These issues remain topics for further
extending this research.
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