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ABSTRACT. With the evolution of society and increasing population, increasing amounts of water resources are being developed to
support the needs for such commaodities as water and energy, but this development has significantly changed the hydrologic processes
in many rivers from their natural state. In this paper, a hydrograph-based hydrologic alteration assessment (HHA) is proposed to
describe the hydrologic regime with the attributes of biodiversity and river health, and to assess the hydrologic regime alteration
impacted by four main reservoirs in seven sections in the trunk of the Yellow River, and also a comparison to IHA-RVA. The results
indicate the following: (1) the hydrologic regimes in the Yellow River have experienced significant changes, from upstream to
downstream, corresponding to the construction and operation of the reservoirs; (2) the Sanmenxia reservoir in middle reach has a
relatively smaller influence on the hydrologic regime than the largest reservoir of Longyangxia in upper reach; and the hydrologic
alteration in the midstream reach is less than in the upstream and downstream reaches; and (3) HHA and IHA are both suitable for
assessing hydrologic regime alteration, but HHA is benefit to diagnose the regulation of reservoirs, and IHA places more significance
than HHA on the extreme mean flow, which is an advantage in small-discharge regimes and a disadvantage in large-discharge regimes

in terms of biodiversity and river health.
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1. Introduction

The natural flow regime plays an important role in su-
pporting biodiversity and the integrity of river ecosystems
(Richter et al., 1996; Poff et al., 1997; Yang et al., 2008; Assa-
ni et al., 2010). Over time, aquatic organisms have evolved
and adapted to the intra- and inter-annual variation of river
flows. However, human activities, such as the construction of
dams and the withdrawal of water from river channels, can
significantly alter the flow regime. These changes in the flow
regime can result in the loss of river ecosystem functions
(Stanford et al., 1996; Poff et al., 1997; Gippel, 2001; Pegg et
al., 2003; Richter et al., 2003; Lytle and Poff, 2004; Choi et
al., 2005; Magilligan and Nislow, 2005; Richter et al., 2006).
To reduce the impact of these changes and restore the
biodiversity and ecosystem integrity, alterations in the river
hydrologic characteristics should be fully understood.

Globally, many multivariable index systems and evalua-
tion methods have been proposed to evaluate hydrologic alte-
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ration (Richter et al., 1996; Richter et al., 1997; Growns and
Marsh, 2000; Olden and Poff, 2003; Black et al., 2005; Suen,
2006; Chang et al., 2008; Shiau and Wu, 2008; Chang et al.,
2009). Among these methods, the Indicators of Hydrologic
Alteration (IHA) and Range of Variability Approach (RVA)
are among the most commonly used methods. The IHA relies
on 33 hydrologic parameters (Richter et al., 1996). Richter et
al. (1997, 1998) subsequently proposed the RVA as an eva-
luation method to measure hydrologic changes. The RVA as-
sesses hydrologic alteration based on the frequency differren-
ce between the pre- and post-impact periods (phases). With its
complete set of indicators and sound mechanisms, the
IHA-RVA is widely used all over the world. For instance, this
method was used by Galat and Lipkin (2000) in the Missouri
River of America, highlighting changes to the flow regime
after mainstream impoundment. Focusing on the Peinan Creek
of Taiwan, Shiau and Wu (2004) demonstrated that the
low-flow regime was easily affected by the Peinan weir flow
diversion and that the degree of hydrologic alteration was lin-
ked to the degree of flow diversion. Magilligan and Nislow
(2005) used IHA-RVA to assess the hydrologic condition of 21
sites across the United States and found that dams made a
remarkable impression on the flow regime, especially on the
minimum and maximum flows over different periods. At the
Bengbu Sluice in the middle Huai River of China, Hu et al.
(2008) used IHA-RVA to demonstrate that the sluice had a
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strong negative influence on the eco-hydrologic conditions,
especially in the dry seasons during low-flow events. Focu-
sing on the Han River, Kim et al. (2011) analyzed the changes
in extreme weather events and the associated flow regime in
both the past and future using the IHA-RVA method combined
with a climate model and hydrologic model. And focusing on
Lijin (LIN) in the lower Yellow River of China, Yang et al.
(2011) demonstrated that the hydrologic features changed no-
ticeably after 1984.

Althouth IHA-RVA has been widely used as a practical
and effective approach to evaluate the alteration of the flow
regime, there are still several limitations of this method. First,
the numbers of IHA indices are big enough but from mean
annuals values that do not fully represent the variation of flow
process events. Flow process events, such as high flow pulses
in spring and summer, often serve as ecological “bottlenecks”
for aquatic species’ growth and reproduction (Poff et al.,
1997). The hydrographic process events are also sensitive to
annual values at particular times for the ecosystem. Second,
IHA-RVA results cannot easily guide reservoir operation
(Yang et al., 2011), as they present frequency differences that
are not practical for the operation of the water infrastructure.
Third, the validity of the hydrologic alteration assessment is
highly dependent on the availability of sufficient long-term
stream gauge records (Richter et al., 1998; Yang et al., 2008).

This paper has attempted to improve the hydrologic in-
dices by a method considering both mean flows and flow
events based on a sound hydrograph process pattern, termed
the hydrograph-based hydrologic alteration assessment (HH-
A), to highlight the importance of full-flow events in a ri-
ver’s eco-hydrology and also to reduce the 33 indicators of
IHA to the 25 indicators of HHA via the pattern shaping of
hydrograph seasonal features. By applying the method to the
Yellow River of China, the impact of major dams on the hy-
drologic regime of the mainstream of the Yellow River is
identified, which may provide a valuable and practical fra-
mework to improve the management and regulation of water
resources in the Yellow River.

2. Method

2.1. Seasonal Characteristics of the River Hydrologic Re-
gime and Its Ecological Influence

A river flow regime involves a seasonal variability asso-
ciated with the natural intra-annual climatic variation (Chen et
al., 2006). Generally, an annual flow can be divided into th-
ree hydrologic seasons by flow events: the dry season, flood
season, and rising-water season. During the dry season, the
flow and water levels are both very low and the runoff is
composed mainly of the base flow. During the flood season,
the runoff is very high and floods are typical. During the
rising-water season, the river flow will increase gradually
from the dry season to the flood season. In China, the dry
season typically corresponds to later autumn, winter, and early
spring, and the flood season corresponds to later spring,
summer, and early autumn. The rising-water season defined in

this paper refers to spring and early summer, which are the
significant times for river biosystem reproduction stimulated
by high-flow-pulse events.

Some approaches have indicated that the seasonal cha-
racteristics of the river flow regime are the foundation of
species histories, ecological processes, and the productivity of
aquatic and riparian communities (Bayley, 1988; Naiman et
al., 2008; Carlisle et al., 2010). During the flood season, flood
events maintain the shape of the river channel, improve the
connectivity of the river channel with riparian wetlands and
pools, structure diverse habitats in the channel and connected
floodplains, and transfer nutrients to the down-stream (Junk et
al., 1989; Richter et al., 1996; Poff et al., 1997; Bejarano et al.,
2010; Opperman et al., 2010). During the dry season, the
lower water level and flow allow local plants to survive in
floodplains and riparian wetlands but harm invasive species
that cannot tolerate drought stresses and die as a result
(Bayley, 1988; Bunn and Arthington, 2002). During the tran-
sition season, aquatic organisms are active and breeding; for
instance, fishes begin to spawn in response to signals
associated with the increased water level and flow pulse. At
the same time, a high flow pulse flushes away pollutants and
maintains appropriate salinity at the estuary, leading to normal
water quality conditions (Bayley, 1988; Richter et al., 1996;
Bunn and Arthington, 2002).

2.2. HHA Indicators

Based on seasonal features, the hydrologic regime can be
described by summarizing the characteristics of the typical
flow events in different hydrologic seasons. In this paper, such
fundamental characteristics as magnitude, frequency, duration,
rise rate, and fall rate (Richter et al., 1996; Poff et al., 1997;
Assani et al. 2010) are also chosen as indicators and combined
with each type of flow event. The characteristic of timing is
not included separately because the typical flow events used
are already defined based on their occurrence during a parti-
cular hydrologic season in a year and thus incorporate ele-
ments of timing. Additionally, the primary feature of drought
events is that the flow discharge is consistently below a
certain threshold. The rate of change of hydrologic conditions
is less important than the other three indicators. Thus, magni-
tude, duration, and frequency are chosen to represent the
characteristics of the drought events. Furthermore, the mean
monthly flow provides a general measure of habitat
availability or suitability (Richter et al., 1996), and therefore,
the mean monthly flows for 12 months are also included in
the index. Thus, there are 25 indicators in total, which are
divided into four groups: mean monthly flow, high-flow-pulse
event in rising-water season, flood event in flood season and
drought event in dry season, and their relationship to the
ecology, as shown in Table 1. The calculation methods for
each indicator are introduced in Table 2. Because the pro-
posed indices represent the entire hydrologic process over one
year to assess the hydrologic alteration based on the hydro-
graph patterns of the river, we call it the hydrograph-based
hydrologic alteration assessment (HHA).
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Table 1. Indicators Used in HHA

Groups Indicators Ecological Influences*
Mean monthly ~ 1-12** Provide an adequate habitat and appropriate water level for aquatic organisms
flow Mean value of each calendar month Maintain a soil moisture sufficient for floodplain plants

Provide drinking water and food for terrestrial animals
Influence water temperature, oxygen levels, and photosynthesis in the water body

High-flow-pulse For each high-flow-pulse event:
event 13. Peak value
14. Duration

Stimulate the migration and spawning of fish
Maintain habitat continuity between near-shore/estuarine and freshwater habitats
Replenish/maintain water in river-associated wetlands and backwaters

15. Average rise rate
16. Average fall rate
For each year:
17. Frequency of high-flow-pulse event

Remove pollutants in the water channel
Maintain appropriate salinity at estuary

For each flood event:
18. Peak value
19. Duration
20. Average rise rate
21. Average fall rate
For each year:
22. Frequency of flood event

Flood event

Shape the physical character of the river channel

Improve the connectivity of the river channel with wetlands and pools
Structure diverse habitats in the channel and connected floodplains
Transfer additional nutrients to the downstream

Recharge the floodplain water table

Maintain the balance of species in aquatic and riparian communities
Remove foreign species

Drought event  For each drought event:
24. Average flow
For each year:
25. Frequency of drought event

Supply suitable water and soil conditions for the growth of certain floodplain
23. Duration plants

Purge invasive species

Concentrate prey in limited areas to benefit predators

* For ecological influences, refer to Bayley (1988); Junk et al. (1989); Poff et al. (1997); Richter et al. (1998); Bunn and Arthington, (2002); Richter

and Thomas (2007); Naiman et al., (2008); and Bejarano et al., (2010).
** The indicators 1-12 correspond to each calendar month.

Table 2. Calculation Methods for HHA Indicators

Indictor Calculation Method
Peak value Maximum daily discharge during a high-flow-pulse event or flood event
Duration Number of days from the beginning to end of a flow event

Average fall rate
Average fall rate
Frequency
Average discharge

Mean of all positive differences between consecutive daily discharges during a high-flow-pulse event or flood event
Mean of all negative differences between consecutive daily discharges during a high-flow-pulse event or flood event
Number of a specific type of flow event each year

Mean of all daily discharges during a drought event

Compared to IHA indicators, HHA calculates the indi-
cators for the typical flow event in each hydrologic season
based on a standard hydrograph process. For example, once
the flow on any given day exceeds a specified threshold, it
will be classified as a high pulse in IHA-RVA,; in HHA, only
daily flows greater than the individual day’s threshold are
classified as high-flow-pulse events and flood events. The
individual flow thresholds depend on the standard flow sea-
sonal features, which differ in different periods of a year.
Moreover, all flow differences between consecutive days are
used to calculate the rates of flow changes in IHA, which is a
general annual value. In contrast, the rates of flow changes for
each flow event are calculated separately in HHA, yielding
seasonal values.

2.3. Assessment of Hydrologic Alterations using HHA

Similar to the pairing of RVA with IHA, a comparable
method is introduced to assess the alteration by comparing the

25 indicators of HHA for the pre- and post-development pe-
riods.

First, the hydrologic record is split into two phases. The
earlier period of the hydrologic regime, with little or limited
human interference, is defined as the pre-development pe-
riod. The initial water storage date of a reservoir, the initial
division date of a water division project, or the inflection po-
int of water withdrawal from the river can typically be taken
as the point at which the record should be split.

Then, two statistical parameters, the mean value and the
coefficient of variation, are calculated for each indicator in the
different phases (Richter et al., 1996). The mean value (x )
represents the central tendency of the indicator, and the co-
efficient of variation (Cv) measures the degree of dispersion
of indicator values.

Generally, the deviation ratio is used to measure the re-
lative difference between two variables. For each of the 25 in-
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dictors listed in Table 1, the deviation ratio between the pre-
and post-development periods in both the mean and Cv is ex-
pressed as follows:

vﬁ:xil;jxéi (=1,2i=12, ..., 25) )

0i

where v/ is the jth statistics parameter deviation ratio of the ith
hydrologic indicator (v)>-1); j = 1 indicates that the sta-
tistics parameter is the mean value; j = 2 indicates that the
statistics parameter is Cv; and xJ,x) are the jth statistics
parameter values of the ith hydrologic indicator for the post-
and pre-development periods, respectively (x!,x}, >0).

The deviation ratios are normalized to grade the degrees
of deviation and compare them between different indicators or
sites. The normalized result should be positively correlated
with the deviation ratio and can reflect both the magnitude
and direction (positive or negative) of the deviation. In our
research, the Tan-sigmoid function, which is widely used as a
transition function in the normalization of artificial neural
networks (Kurup and Dudani, 2002; Hamed et al., 2004;
Malinova and Guo, 2004; Lin and Wang, 2008; Bashir and
El-Hawary, 2009), is used as the normalization function as
follows:

;1= exp(—avij) @
' 1+exp(-av/)

where d/! is the alteration degree of the jth statistics parame-
ter for the ith hydrologic indicator (-1 < d; < 1) and the value
of a is set to 3. The function above is applied for the situation
in which a specific type of flow events occurs during both the
pre- and post-development periods. Otherwise, if a certain
type of flow event was absent during the pre-development
period but appears during the post-development period, the
degrees of alteration of the related indicators are set as 1. If
the flow events appeared during the pre-development period
but disappeared during the post-development period, the
degrees of alteration of the related indicators are set as -1.

Based on the above normalization method, the degree of
alteration for the statistics parameters ranges from -1 to 1
(-1<d/ <1). A positive d indicates that the statistical para-
meter becomes larger after impact; whereas a negative d
indicates that the statistics parameter is smaller after impact.
Similar to the RVA method (Richter et al., 1998), the range
of dij‘ is divided into three equal intervals, namely, low
alteration [0, 0.33], moderate alteration (0.33, 0.67), and high
alternation [0.67, 1].

The mean value of all dij‘ is used as the overall degree of
hydrologic alteration; that is,

D, =3 3| )

i=1 j=1

3. Study Area and Data Processing

3.1. Study Area

The Yellow River is the second longest river in China,
with a drainage area of 752,000 km’ and a length of 5,464 km.
The Yellow River originates from the Qinghai-Tibet Plateau
in the far west of China and drains into the Bohai Sea in the
east, as shown in Figure 1. The river basin is mostly arid and
semiarid, with a mean annual surface runoff of 58 x 10° m®,
which accounts for only 2% of the total runoff of the entire
country (Wu et al., 2008). The Yellow River basin is tradi-
tionally divided into the upper, middle and lower reaches by
above Hekou (HK), Hekou to Huayuankou (HYK), and below
HYK. By the end of 2003, more than 2,600 reservoirs with a
total capacity of 61.7 x 10° m® had been constructed in the
Yellow River Basin, performing significant functions in flood
control, water supply, hydro-power generation, and sediment
deposition. The four largest reservoirs along the main course
of the Yellow River are considered the most influential: the
Longyangxia (LY X), Liujiaxia (LJX), Sanmenxia (SMX), and
Xiaolangdi (XLD) (YRCC, 2000), listed in Figure 1 and Table
3.

The natural flow regime of the Yellow River shows a
discernable seasonal variability, as shown in Figure 2, indi-
cating the gauged daily discharge in 1952 at HYK section on
the lower Yellow River. This regime was adopted as the na-
tural flow regime, a standard hydrograph process represen-
ting the limited human interference with the flow regime prior
to 1952.

The operation of reservoirs, together with changes in
rainfall-runoff and increasing water withdrawals from the
river, has changed the flow regime significantly. The lower
reaches of the Yellow River suffered from frequent no-flow;
that is, dry-up events occurred from 1972 until 1999 (Liu and
Zhang, 2002). During the 1990s, the river was drying up
every year in the lower reach for periods lasting up to 272
days and extending as long as 700 km. This significant al-
teration of the hydrologic regime may result in substantial
degradation of the river ecosystem. Therefore, assessing the
hydrologic alteration, which is closely connected to water re-
source management and ecology, is the initial and basic issue
in auditing the ecological situation and providing practical
guidance for adjusting reservoir regulation to reduce such ne-
gative effects.

3.2. Data

The daily mean discharge data from seven gauging sec-
tions, also known as the evaluation sections, along the main-
stream of the Yellow River were analyzed for hydrologic alte-
ration assessment. The gauges and sections are Lanzhou (LZ-
H), Shizuishan (SZS), Toudaoguai (TDG), Longmen (L- MN),
Tongguan (TGN), HYK, and LJN, as shown in Figure 1.
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Figure 1. Map of the Yellow River basin and location of case reservoirs and sections.

Table 3. Information on the Largest Reservoirs in the
Mainstream of the Yellow River

Reservoir Initial water Total caEacity Reach
storage date (x10® m?)
Longyangxia January 1986 247.0 Upper
Liujiaxia January 1968 57.0 Upper
Sanmenxia September 1960 103.1 Middle
Xiaolangdi January 1999 126.5 Middle
Flood
6000
0
T 5000 A
S 4000 1
f_—; 3000 | High flow Pulse
i 2000 4 Base flow
g 1000 4 Drought
0

1 211 31 41 51 61 71 81 91 101 111 121
Date

| Rising-water season |

| Dry season Flood season | Dry season |

Figure 2. Gauged daily discharge and seasonal definition at
HYK in the lower Yellow River in 1952.

The hydrologic records were obtained from the Hydro-
logy Bureau of Yellow River Conservancy Commission (YR-

CC) of China. The historical flow series were split into either
three or four periods according to the major phases of regu-
lation, as shown in Table 4. Period 1 is the pre-development
period for each section. The degree of alteration is calculated
by comparing the indicators in Period 1 with the subsequent
periods. The year when a major dam began to store water
(signaling the start of a new regulation phase) is not included
in the analysis.

3.3. Identification of Flow Events

The features of flow events are characterized by separa-
ting them from the flow record and then undertaking statis-
tical description (Gippel et al., 2011). Based on the seasonal
characteristics of the hydrologic regime and on previous
research (Liu and Zhang, 2002; Jiang et al., 2010), the rising-
water season is from April to June and the flood season is
from July to October. The dry season is defined as the period
from November to March. The high-flow-pulse events, flood
events, and drought events are identified in each of the above
hydrologic seasons. For each section and season, flow events
are only considered if they exceed the seasonal threshold.

The method used to separate flow events is based on
Gippel et al. (2011). In this method, the base flow is analy-
zed first to establish the threshold, including calculating the
median base flow for each month and setting the lowest or
highest seasonal value as the threshold for a drought event or
high-flow-pulse event.
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Table 4. Periods and Phases of Record for the Gauging Sections Used in this Analysis

Regulation Period 1 Period 2 Period 3 Period 4

phase Pre-Liujiaxia ~ Pre-Sanmenxia Post-Liujiaxia Post-Sanmenxia  Post-Longyangxia Post-Xiaolangdi
LZH 1949-1967 1969-1985 1987-2000

SZS 1950-1967 1969-1985 1987-2000

TDG 1952-1967 1969-1985 1987-2000

LMN 1952-1967 1969-1985 1987-2000

TGN 1952-1967 1969-1985 1987-2000

HYK 1949- 1959 1961-1985 1987-1998 2000-2008

LJN 1950-1959 1961-1985 1987-1998 2000-2008

e Drought event: The threshold of the drought events (Qg)
is set as the lowest seasonal value of the median base
flow in the pre-development period.

e  High-flow-pulse event: The threshold of high-flow-pulse
events (Qp) is the highest seasonal value of the median
base flow during the pre-development period. During the
rising-water season, the surface flow is increasing and the
base flow is decreasing. To guarantee the typicality of the
high flow pulse separated from the flow record, the Base
Flow Index (BFI) is introduced as another requirement in
the separation of high-flow-pulse events. The BFI is the
ratio of the base flow to the total flow; BFI = 1 when the
flow is all base flow and 0 when the flow is all storm
flow. In this study, BFI = 0.9 is used to separate high-
flow-pulse events. That is, the discharge of a high-flow-
pulse event should be larger than Q, and the BFI of a
high-flow-pulse event should be more than 0.9.

e Flood event: Storm flow is the main component of run-
off during the flood season. Flows can be described using
traditional flood frequency analysis, which predicts the
return interval of events of a given magnitude (Gordon et
al., 2004). The threshold of flood events (Qy) is the
lowest seasonal value of the median flow during the pre-
development period.

The thresholds for the three flow events in each section
are listed in Table 5.

Event independence must be considered when separa-
ting flow events (Gippel et al., 2011). In this study, event
independence is defined as requiring a minimum of five days
between instances when the discharge exceeds the threshold.

Table 5. Thresholds for the Three Types of Flow Events at
Each Section (m®/s)

Section Qp Qs Qq

LZH 465 1,670 210
SZS 350 1,655 180
TDG 280 1,200 155
LMN 365 1,445 175
TGN 610 1,970 310
HYK 575 2,240 230
LJN 490 2,040 170

4. Results and Discussion

4.1. Impact of Reservoirs on the Hydrologic Regime

Of the four largest reservoirs on the main course of the
Yellow River, two are located in the upper part of the ups-
tream and the other two are located in the lower part of the
midstream. The impacts of reservoirs on the hydrologic regi-
me can be addressed by assessing the hydrologic alteration at
LZH, which is the nearest section to the upper two reservoirs
of LYX and LJX, and at HYK, which is the nearest section to
the two downstream reservoirs of SMX and XLD. The results
from LZH and HYK are shown in Figures 3 and 4, respect-
tively.

(1) Impacts of Liujiaxia operation

As shown in Figure 3(a), the regulation of Liujiaxia
mostly influences the drought events and monthly flow pro-
cesses. The change in drought events at LZH is most notable
after the Liujiaxia began to function. The results indicate that
the frequency of drought events was 0.16 pre-Liujiaxia but
never occurred after the regulation of Liujiaxia. In other wor-
ds, no droughts have occurred at LZH during the post-Liujia-
xia period. These results are consistent with previous research
by Zhang (2009). Influenced by the reservoir’s regulation, the
monthly mean flows decreased during the flood season but
increased during the dry season and rising-water season,
indicating that the regulation of the Liujiaxia reservoir has
resulted in a “flattening” of the hydrograph in the LZH
section. The Cv of the high-flow-pulse event indicates nega-
tive alteration, meaning that pulse events have become more
concentrated compared to the pre-Liujiaxia period.

(2) Impacts of Longyangxia-Liujiaxia joint operation

Figure 3(b) indicates that drought events remain absent
with the joint regulation of Longyangxia and Liujiaxia. Com-
pared to the post-Liujiaxia and pre-Longyangxia periods, the
Cv of each high flow pulse still exhibits a negative alteration,
although the extent of the alteration is increased. However,
the Cv of flood events exhibits a positive alteration, mainly
due to the large storage capacity of the Longyangxia reser-
voir. During the rising-water season, to follow the reservoir
regulation rules, the reservoir stores most of the high flows to
keep the water near the active level, reducing the variability
and the number of pulses. Moreover, the reservoir must retain
the capacity to store large floods during the flood season so
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Figure 3. Hydrologic alteration degrees of 25 HHA indicators after reservoir operation at LZH. (a) Alteration degree in
post-Liujiaxia period; (b) Alteration degree in post-Longyangxia period.
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Figure 4. Hydrologic alteration degrees of 25 HHA indicators after reservoir operation at HYK. (a) Alteration degree in
post-Sanmenxia period; (b) Alteration degree in post-Xiaolangdi period.

that flood events become more dispersive with the effects of
both reservoir storage and natural inflow condition. The mean
monthly flows are further reduced during the flood season and
further increased during the non-flood seasons. The flood
duration is clearly shortened and the frequency is decreased,
making the peak clipping effect discernable for the Longyang-
Xia reservoir.

The number of moderate or worse alteration indicators
(i.e.,|dij|> 0.33) increased from 11 during the post-Liujiaxia
period to 21 in the joint phase. As expected, the accumulated
effects of the reservoirs on the hydrologic regime became
more severe as the flow regulation capacity increased by joint
operation.

(3) Impacts of Sanmenxia operation

As shown in Figure 4(a), the Sanmenxia reservoir main-
ly affects the monthly average flows, making them more dis-
persed. The average flow of drought events is lower than du-
ring the pre-Sanmenxia period, but the duration and fre-
guency increased significantly, indicating that Sanmenxia may
cause frequent low-flow conditions. The overall hydrologic

alteration caused by Sanmenxia is relatively small because of
its low storage capacity and special regulation rules, which is
consistent with the assessment of Yang et al. (2008).

(4) Impacts of Sanmenxia-Xiaolangdi joint operation

As shown in Figure 4(b), after Xiaolangdi began func-
tioning, the hydrologic regime of Huanyuankou section chan-
ged significantly, especially with the reduction of both the
mean monthly flows during the flood season and the flood
event indicators. The joint operation of Liujiaxia and Long-
yangxia has controlled most of the floodwater and altered the
flow regime downstream. The regulation capacity for the mid-
downstream was further strengthened after Xiaolangdi was
completed. As a result, significant volumes of water are now
impounded in the reservoirs, and the related indicators are
significantly different, as shown in Figure 4(b).

4.2. Distribution Features of the Hydrologic Alteration of
Flow Events

Besides less indicators, HHA has an advantage over
IHA-RVA in terms of describing flow events by hydrograph.
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Considering the significance of Phase 3 (late 1980s to 2000s),
the hydrologic alteration of the mean monthly flow, pulse
events, flood events, and drought events in seven sections are
shown in Figures 5 to 8.

(1) Mean monthly flow

As shown in Figure 5(a), the mean monthly flows up-
stream increased during the non-flood season and decreased
during the flood season; however, it decreased from April to
June at the midstream sections and decreased for all months at
the downstream sections. This decrease in the midstream
coincides with the main irrigation period in the Yellow River
basin, which is also from April to June. The middle and down-
stream are influenced by water diversions both for irrigation
and cities from reservoirs and river channel. Thus, the chan-
ges to the mean monthly flow exhibit a discernable consis-
tency with irrigation water use patterns. Due to the uncer-
tainty of social water diversion, reservoir impounding condi-
tions, and natural inflows, most of the Cv degrees of alteration
of the monthly average flow at each section are positive,
especially during the non-flood season at the downstream sec-
tions, as shown in Figure 5(b).

(2) Pulse event

The degrees of alteration of the high-flow-pulse events in
the midstream and downstream are larger than in the upstream
and mostly negative because the rising-water season from Ap-

al

LZH SZs TDG LMN TGN HYK LJN

ril to June is also the irrigation period for the midstream and
downstream, during which rainfall-runoff is relatively low.
The decreases in the high flow and flow pulses are mainly due
to the significant conflict between the socio-economic water
demands and instream flows.

(3) Flood event

In the upper and middle reaches, the changes in the
floodwater characteristics are relatively severe, with decrea-
ses in the flood peak, duration, and frequency and increases in
the rising and falling rates of floods, which probably close to
the operation of the Longyangxia reservoir. In the lower reach,
the peak value decreases and the duration is shorter than in the
natural state. However, the water condition’s rate of change
exhibits only slight changes. The degrees of alteration for Cv
are mostly negative, indicating that the features of flood
events are more similar in the post-development period than
in the natural state.

(4) Drought event

Drought events almost disappear in the upstream sec-
tions but occur more often and more severely in the middle
and lower reaches. Although the large storage capacity and
joint operation of the reservoirs in the upper reach can temper
the annual flow process, it can further contribute to both water
diversion and withdrawal in the middle and lower reaches,
which decreases the river flow and increases the low flow

Figure 5. Hydrologic alteration for the mean monthly flows at seven sections in Phase 3 by HHA. (a) Alteration degree of

the mean value; (b) Alteration degree of Cv.
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Figure 6. Hydrologic alteration for the pulse events at seven sections in Phase 3 by HHA. (a) Alteration degree of the mean

value; (b) Alteration degree of Cv.
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events in the lower reach. This observation suggests that the
hydrologic regime is influenced mainly by reservoir regula-
tion but also by the water withdrawal.

4.3. Overall Hydrologic Alterations in All Sections with
HHA and IHA-RVA

The degrees of alteration of indicators were also calcu-
lated using IHA-RVA and compared with the results obtain-
ed with HHA. The overall degrees of hydrologic alteration at
the sections are represented by the absolute values of the re-
sults obtained with these two methods, as shown in Figure 9.
The RVA target range used for the analysis is defined by the
25th- and 75th-percentile values of a particular indicator.

(1) The trends related to temporal distribution using these
two evaluations are consistent, indicating that the flow regime
at each section after the Longyangxia regulation has been
altered more significantly. Longyangxia began to store water
in 1986. As the only reservoir in the mainstream of the Yellow
River with the capacity for multi-year regulation, Longyang-
xia controls nearly 65% of the runoff from upstream and is the
main source of flood control. After its construction and based
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on its combined operation with Liujiaxia, Longyangxia’s effe-
ct has directly altered the annual distribution of water in the
upstream region and has exerted a significant influence on the
flow regime of the mainstream. Additionally, the operation of
Longyangxia creates a gentler hydrologic process throughout
the year, which facilitates water diversion for human use and
further aggravates the alteration of the flow regime.

(2) The trends related to spatial distribution using these
two methods are consistent, indicating that the degree of
alteration at sections both upstream and downstream are grea-
ter than those occurring midstream. The alteration at the
estuary section, LJIN, is the most severe. This result can be
explained as follows. The major reservoirs are mainly loca-
ted in the initial part of the upstream and at the lower end of
the midstream. Influenced by the regulation of the reservoirs,
the upstream flow regime has a relatively large alteration, wh-
ereas the midstream flow regime has a relatively small alte-
ration due to the influence of water diversion for human use
rather than the direct impact of the major reservoirs. The
downstream flow regime exhibits the largest changes, as it is
affected by both the reservoir regulation and water diversion,
especially at LIN.

LZH SZS TDG LMN TGN HYK LJN

Figure 7. Hydrologic alteration for flood events at seven sections in Phase 3 by HHA. (a) Alteration degree of the mean value;

(b) Alteration degree of Cv.
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Figure 9. Overall of hydrologic alteration degrees at the seven sections along the main Yellow River in different periods. (a)

Results of HHA,; (b) Results of IHA-RVA.

Table 6. Degrees of Alteration by IHA-RVA at LIN*

Indictor Phase 3 Phase 4
1-day minimum -1.00 -0.07
3-day minimum -1.00 -0.26
7-day minimum -1.00 -0.81
30-day minimum -1.00 -1.00
90-day minimum -0.86 -1.00
1-day maximum -1.00 -1.00
3-day maximum -1.00 -1.00
7-day maximum -1.00 -1.00
30-day maximum -1.00 -1.00
90-day maximum -1.00 -1.00
Number of zero days -0.92 0
BFI -0.86 0.11
Date of minimum 0.53 0.67
Date of maximum 0.11 -0.63
Low-flow-pulse count -0.17 -0.44
Low-flow-pulse duration 0.07 -0.05
High-flow-pulse count -0.31 -0.44
High-flow-pulse duration 0.07 0.11
Rise rate -0.86 -1.00
Fall rate -0.76 -1.00
Number of reversals -0.86 -0.07

* The degrees of alteration for the monthly flow indicators are
provided in Table 8.

(3) It is noticed that the degree of alteration at the lower
reach section LIN in Period 3 and Period 4, the trends as eva-
luated by the two methods are clearly different. The IHA-RVA
results indicate that the alteration in the Period 3 is greater
than in the Period 4, whereas the HHA results indicate the
opposite trend. Analyzing the details in IHA-RVA, the indica-
tors relating to minimums (i.e., one- or three- day minimum,
number of zero days, BFI) have smaller alterations in Period 4
than in Period 3, as shown in Table 6, which corresponding to
the more dry-up events in Period 3 and no dry-up event after

the year 2000 due to the regulation of the Xiaolangdi reservoir.

Whereas the details in HHA, the indicators relating to
minimums (i.e., duration, average flow and frequency in
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drought events) have larger alterations in Period 4 than in
Period 3, as shown in Table 7, which corresponding the lower
average low-flow and longer duration of drought events in
Period 4 even though there is no dry-up event. Besides, IHA
considers more power for drought by seven out of 33 indica-
tors in describing extreme low events, whereas the HHA only
considers three out of 25.

(4) It is also noticed, the IHA-RVA results indicate that
the alteration at upper reach LZH is high with record of 0.7
but HHA shows a moderate alteration with record of 0.6. Due
to the biologically relevant attributes of the hydrologic indica-
tors, high ecological degradation would be understood with
the high hydrologic alteration. However, the ecological pro-
blem in the upper reach of the Yellow River is not serious in
reality (Fu et al, 2010). In this case, the IHA-RVA may mag-
nify the actual alteration due to its numerous extreme indic-
tors (14 out of 33 indicators) most focusing on microcosmic,
such as the one- and three-day maximum/minimum. Whereas,
the HHA are more focusing on summarizing the features of
different hydrologic seasons and more macroscopic, thus, it
may be more suitable for the upstream region of a large river.

4.4. Details of the Hydrologic Alterations at LIN with
HHA and IHA-RVA

In order to show more characteristics of HHA, a more
detailed comparison between HHA and IHA-RVA at section
of LIN in Period 3, shown in Tables 6 ~ 8, as an example as
below.

(1) The two methods produce similar results with res-
pect to the alterations to monthly flows, as shown in Table 8.

(2) Both the minimum indicators (IHA-RVA) and drou-
ght event indicators (HHA) change considerably heavy due to
the frequently dry-up drought events.

(3) The high-flow-pulse threshold in IHA is set as the
25th to 75th-percentile daily discharge with static value of
2,000 m*s in the pre-development period at LIN. And the
threshold of the high-flow-pulses defined by HHA at LIN is
2,040 m*/s. Thus, the results are comparable.
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Regarding to the high-flow-pulse duration, the HHA
results demonstrate a severe negative alteration (-0.84 in Pe-
riod 3), indicating that the duration is shortened when com-
pared to the reference period (Period 1). In contrast, the
IHA-RVA results indicate that the alteration is minor (0.07),
suggesting a small change in target range. However, a fur-
ther calculation by the IHA-RVA, the alteration degree in the
other two intervals out of the target range is -1 in the interval
above the 75th percentile, and 0.67 in the interval below the
25th percentile. These results indicate that the distribution
range of flood duration decreases as a whole, representing a
large change in tendency, which is consistent with the HHA
results.

Table 7. Degrees of Alteration for the Flow Event Indicators
by HHA at LIN

. Phase 3 Phase 4
Indicator
Mean Cv Mean Cv
Peak value of HFP* events -0.58 -0.28 053 -0.45
Duration of HFP events -0.73 0.03 -055 -0.21

Average rise rate of HFP events  -0.59 -0.74 0.17 -0.01
Average fall rate of HFP events -0.19 -0.26 -0.78 -0.55

Frequency of HFP events -0.57 058 -0.70 081
Peak value of flood events -0.53 -0.60 -0.53 -0.73
Duration of flood events -0.84 -0.28 -0.83 -0.17

Average rise rate of flood events -0.33 -0.21 -0.72 0.21
Average fall rate of flood events  0.02 -0.27 -051 -0.46

Frequency of flood events -0.19 0.78 -050 0.70
Duration of drought events 1.00 078 1.00 0.80
Average flow of droughtevents -0.29 1.00 -0.01 0.96
Frequency of drought events 1.00 -0.81 1.00 -0.81

* HFP refers to high flow pulse, here and below.

Table 8. Degrees of Alteration for the Monthly Flow
Indicators at LIN

HHA IHA-RVA

Phase 3 Phase 4 Phase 3  Phase 4
Mean Cv Mean Cv

January -0.38 036 -061 068 -0.03 -0.63
February -0.72 099 -0.80 0.89 -0.72 -1.00

Month

March -0.80 1.00 -0.84 093 -1.00 -1.00
April -0.84 100 -0.86 098 -1.00 -1.00
May -0.82 100 -0.78 099 -0.86 -0.81
June -0.79 100 -025 097 -0.58 -0.81
July -0.80 0.80 -0.77 0.73 -1.00 -1.00
August -0.72 084 -084 100 -0.72 -1.00

September -0.73 0.62 -0.83 0.99 -0.86 -0.81
October -084 082 -075 098 -1.00 -0.63
November -0.78 051 -0.76 0.93 -1.00 -0.63
December -0.60 093 -0.71 098 -0.44 -0.81

The conclusions above suggest that IHA-RVA, which
only considers the degree of alteration of frequency in the
target range, may not always be effective. It is difficult to
judge whether the value of an indicator is larger or smaller
than its value in the natural state unless additional informa-

tion is combined. In contrast, the results of the HHA method
are easier to understand, representing the degree of alteration
and its tendency. Additionally, these results may serve as a
guide for regulation practices designed to recover the
characteristics of a river’s natural flow regime.

The high flow pulse during the rising-water season is
evaluated through HHA, whereas this flow period is not
specifically considered in IHA. The results demonstrate that
the indicators for the high flow pulse change moderately, with
the peak, frequency and the rise rate decreasing that means the
high-flow-pulses becoming more stable during the rising-
water season.

5. Conclusions

In this paper, a hydrograph-based hydrologic alteration
assessment method (HHA) is proposed and applied to the
mainstream of the Yellow River to understand the alteration of
the hydrologic regime by human activities, primarily as a
result of reservoir operation. With the assessments and com-
parison between HHA and IHA-RVA, following conclusions
can be derived:

(1) The hydrologic alterations at all sections are notable.
Most of changes are in moderate level and LZH (by IHA) and
LIN (by IHA and HHA) are in large level that means the
alteration in the midstream is smaller than in the upstream or
downstream which is considered as no huge reservoir in this
reaches. An overall reduction of peak value, duration and di-
versity of high-flow-pulse events and flood events is obser-
ved. The drought events looks disappeared in the upper reach
but are more severe in the middle and lower reaches, and the
largest degree of hydrologic alteration is at LJN, that is con-
sidered as the result of human factors accumulated in the
lower reach,.

(2) All the four reservoirs have the impacts on river
hydrological graph and flow events. Regarding to the alte-
ration at sections and impacts of reservoirs, the closer up to
reservoir the larger changes, the larger storage the heavier
impacts. The Longyangxia has the greatest impact on the
Yellow River mainstream, and Sanmenxia has a relatively
smaller influence. The alteration of the hydrologic regime
caused by joint reservoir operation is much greater than the
alteration caused by single reservoir operation. A sound reser-
voir regulation rule is needed to guarantee the environmental
flows at right time with proper discharge.

(3) Both IHA and HHA are functional in assessment
changes of environment flow. The HHA is based on a bio-
related hydrograph pattern and can present a set of more
detailed and visual results to diagnose the alteration in each
flow season, which is benefit to understand the trends and
guide improving reservoir regulation rule for environmental
flow. Besides, the assessment results for larger flow in larger
river, as at LZH section in the Yellow River, are more ace-
ptable. Despite all these, there are still some bugs need to be
overcome in HHA, such as to define the standard bio-related
hydrograph pattern for particular river, and not sensitive

11
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enough to extreme flow events especially in zero flow even-
ts at lower reach as at LIN section in the Yellow River.

Hydrologic regime alterations caused by indirect artifi-
cial perturbations, such as climate change or underlying sur-
face conditions, are beyond the scope of the current paper.
The hydrologic influence of climatic and other indirect fac-
tors will need to be distinguished and quantified in the future.
In addition, eco-hydrologic mechanism studies and quantita-
tive research on the ecological systems influenced by hydro-
logic regime changes should be performed to strengthen eco-
system monitoring.
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