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Abstract: The human influence on the river ecosystem has increased in recent years to feed the growing
demand for water to communities by constructing different water structures. It is essential to
understand the potential impacts of water structures on river hydrologic regimes. Thus, this study
investigates the influence of the cascade dams located upstream of the Three Gorges Dam on
the Yangtze River on the river ecosystem. The study was carried out for the period 2003–2015 for
both Cuntan and Miaohe stations. The analysis was conducted considering two periods, pre-impact;
before the dam construction and post-impact; after the dam construction. The assessment was carried
out using “Indicators of Hydrologic Alteration.” The results of this study revealed that the cascade
dams built upstream of Three Gorges Dam has both positive and negative impacts at both stations.
Flows were found to have positive impacts in July while low in October for both stations. The 1-day
minimum flows were found to decrease by 7% over Miaohe Station while the 1-day maximum was
decreased up to 2% in Cuntan. Overall, the results of the study indicate that there are undesirable
impacts which should be adjusted to maintain the river ecosystem at an acceptable level compared
to its natural state. It is expected that the findings of the study can guide water managers to adjust
the hydropower operation sustainably.

Keywords: flow regime; hydrologic alteration; indicators of hydrologic alteration; range of variability
approach; river conservation

1. Introduction

The increase in inhabitants, expansion in rural activities, changing weather patterns, and to
ensure water supplies during drought periods have increased water demands in many regions
around the world [1–5]. To meet the growing water demands, several megastructures in the forms
of sluices, barrages, dams are constructed, therefore altering the natural flow regimes of rivers [6–9].
Altering the natural regimes of rivers has positive and negative impacts on river ecosystems, which are
well documented in the literature [10–12]. For example, construction of a dam can have positive
impacts by reducing large floods, storing water for the dry season, and helping to generate electricity.
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At the same time, it can have negative impacts such as low water in the river in downstream, which can
have severe impacts on the downstream river ecosystem [13,14]. Thus, sustainable river management
requires adequate environmental flows (e-flows) in the river [15,16]. Therefore, it is essential to evaluate
the characteristics of river flow before and after the alteration of the river’s flow regimes.

More than 170 indicators are available in the literature for the quantification of the hydrologic
alteration [17,18]. Among them, many of the indicators are only used to study specific parameters like
monthly peak flow or duration of flow [19,20]. However, with time, some more comprehensive tools
were developed which are used to assess a wide range of hydrologic alteration parameters [21,22].
Among them, the “Indicators of Hydrologic Alteration (IHA)” is the most widely used tool which considers
33 indicators and 34 e-flow components to define the flow characteristics in the river [23].
Zuo and Liang [24] reported that one of the significant advantages of the IHA method is that it
incorporates the Range of Variability Approach (RVA) which can evaluate the flow characteristics in
two different periods (i.e., pre-, and post-impact on flow regime). Additionally, owing to its simplicity,
strong theoretical background, and involvement of biologically relevant hydrologic indicators it has
gained the attention of hydrologists and environmentalists to study the alteration of the natural flow
regimes both in case of dams and diversion structures, e.g., run-of-river hydropower plants [24–27].

Koel and Sparks [28] used IHA to study the water level and its relationship on fish abundance
in the Illinois River. The results of the study indicate that IHA is a useful tool which provides
considerable valuable information to maintain the water level up to the specific limit to sustain the fish
and other fauna and flora ecosystem needs. Shiau and Wu [29] applied IHA to understand the flow
diversion in Peinan Creek, eastern Taiwan, and reported that IHA is simple to use and provides
almost all necessary information related to flow diversion and it helps to estimate the potential impact
that flow alteration may have on the ecosystem. Zuo and Liang [24] studied the impact of dam
construction over the Shaying River, China, using IHA and reported that IHA identified a strong
influence on the flow regime and claimed that the application of IHA had provided considerable
information to the water resource managers and environmentalists working on the Shaying River, China.
Besides the Shaying River, several studies are conducted across the Yangtze River. The Yangtze River is
the longest and largest river in China, where around 50,000 small and large dams are constructed [30].
The constructions of these reservoirs have significantly altered the natural regimes of the Yangtze
River, which are published in several articles. Among them, the Three Gorges Dam (TGD) is one of
the reservoirs, which is also constructed across the Yangtze River.

TGD is also known to be the world’s largest electric power generator and stores the most substantial
volume of water around the world [31]. Since its construction, several studies have been conducted over
TGD, including hydrologic alteration using IHA [25,26,32]. Gao, Yang, Zhao, and Yang [25] investigated
the impacts of flow over the Upper Yangtze River considering several reservoirs, including TGD.
They reported that the construction of TGD had reduced the flow in the downstream side of the river,
which has negatively impacted the ecosystem. However, at the same time, it helps to reduce peak
flows [33]. They also reported that IHA provides considerable useful information on the ecosystem
after the hydrologic alteration.

Similarly, Yu, Wang, Wang, Hou, and Qian [26] conducted a study over two stations,
Yichang and Datong gauges located in the middle and lower Yangtze River to understand the reservoir
operations using IHA. They reported that TGD has a significant impact on the flow in the lower
Yangtze River. Wang, Wang, Lewis, Wu, and Huang [32] assessed the impacts of TGD over the Yangtze
River using the stations of Cuntan, Yichang, and Wulong and found that TGD has altered 10 parameters
out of 33 IHA indicators and emphasised that more stations should be considered to understand
the impacts of TGD cascade over the Yangtze River. Nevertheless, at the current stage, flow data from
other stations are not accessible. Therefore, in this study, the stations of Cuntan and Miaohe, which are
located on the upstream side of TGD, were considered. Thus, the primary objective of the study is to
evaluate the flow characteristics before and after the construction of several dams located upstream
TGD. For this purpose, IHA with RVA approach was used to evaluate the river flow characteristics over
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two stations, i.e. Cuntan and Miaohe. Though several studies have been conducted to assess the impact
of dam on sedimentation, river dynamics, ecology, etc., using IHA, the present study attempts to
provide many details of information on the changes of flow regimes using IHA with RVA, used for
understanding profound consequences of the dam on river flow. Changes in different characteristics
of river flow including magnitude of monthly flow, extreme conditions, timings of annual extreme
water, high and low pulses inflow, and rate and frequency of flow changes are analysed and presented
to show the profound consequences of TDG on the Yangtze River flow regimes. It is expected that
the findings of the study will provide technical support to the authorities as well as the current research,
which is going on over the river ecosystem of TGD.

The rest of the paper is structured as follows: Section 2 describes the study area, climate,
and the datasets used in the study. Section 3 describes the methods used in this study. Section 4
discusses the results of the study. Finally, Section 5 gives the conclusions made based on the above
results and discussions.

2. Study Area and Datasets

Yangtze River is the main river of China, which flows from the southwestern section of Qinghai
and ends north of Shanghai [34]. The river basin covers an area of 1.8 × 106 km2, and annual discharge
is recorded as 892 km3 from 1950 to 2010 [35,36]. The spatiotemporal patterns of precipitation over
the river basin showed that monsoon is a dominating factor that brings moist air from the East
and the South China Sea [37,38]. On the other side, there are lots of variations in temporal patterns of
the precipitation [39]. Precipitation is recorded high in summers and often results in floods [25,39].
The river is known to be the longest river in Asia with a length of 6400 km [40–42]. Due to its long
length, around 50,000 reservoirs are constructed across the river in different sizes [30]. The TGD
is one of the prominent structures constructed across the Yangtze River. The construction of TGD
has prominently altered the ecological system of the river, on both the up and downstream sides
of the dam [43,44]. Thus, in this study, two stations located in the upstream sides of the dam are
considered for the analysis. The locations of the stations are shown in Figure 1. Both stations were
selected because of their location and availability of useful quality data. The mean daily river data of
both stations were collected from the Hydrologic Data Centre of the Ministry of Water Resources in China.

Figure 1. Locations of the hydrologic stations along the Yangtze River (adapted from [45]).
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3. Methodology

Indicators of Hydrologic Alteration (IHA)

The Indicators of Hydrologic Alteration (IHA) is one of the most popular tools developed by
Richter, Baumgartner, Powell, and Braun [23] of the Nature Conservancy (http://www.nature.org/).
IHA is commonly used in hydrology to assess the hydrologic alteration due to anthropogenic stressors.
Overall, IHA consists of 67 indicators, out of which 33 are used for hydrologic alteration, while 34
are used for e-flows component assessment. The parameters considered in IHA are logical and have
a strong relationship with the river ecosystem and reflect the human interference on flow regimes by
the construction of structures like a dam, barrages, and water diversions [46,47]. IHA indicators are
primarily divided into five groups. The first group consists of 12 indicators that represent the magnitude
of monthly water flow rates (m3/s), the second group is comprised of 11 indicators that represent
the magnitude and duration of annual extreme water flow rates (m3/s), the third group contains 2
indicators which describe the timing of annual extreme water flow rates, while the fourth and fifth
groups are comprised of 4 and 3 indicators which are used to define the frequency and duration of
high and low pulses, rate and frequency of water flow rate changes, respectively. The details of these
indicators are given in Table 1.

Table 1. Hydrologic alteration indicators used in the Indicators of Hydrologic Alteration (IHA)
approach adopted after [23].

Group 1:
Magnitude of

Monthly Water
Flow Rates (m3/s)

Group 2: Magnitude
and Duration of

Annual Extreme Water
Flow Rates (m3/s)

Group 3: Timing of
Annual Extreme Water

Flow Rates

Group 4: Frequency
and Duration of High

and Low Pulses

Group 5: Rate
and Frequency of
Water Flow Rate

Changes

January 1-Day minimum Date of minimum Low pulse count Rise rate
February 3-Day minimum Date of maximum Low pulse duration Fall rate

March 7-Day minimum High pulse count Number of reversals
April 30-Day minimum High pulse duration
May 90-Day minimum
June 1-Day maximum
July 3-Day maximum

August 7-Day maximum
September 30-Day maximum

October 90-Day maximum

November Base flow index
(dimensionless)

December

The major benefit of using IHA is that it provides several indicators in one suit and analyses
them using the Range of Variability Approach (RVA). RVA can assess the performance of these
indicators before human intervention on river regimes (pre-impact) and after human intervention
(post-impact) [23]. The RVA component of IHA software makes it unique and provides a degree of
alternation in the river or the catchment. Therefore, in this study, the nonparametric RVA was considered
for the assessment of flow regimes. The nonparametric RVA is defined based on the percentile values.
RVA-targeted boundaries are defined in the range of 25% to 75% percentiles, which are referred to
as low and high boundaries of RVA. The following equation is used to calculate the IHA:

IHA% =
Observed Frequency− Expected Frequency

Expected Frequency
× 100 (1)

where observed frequency and expected frequency represent the number of years in the observed
and expected indicator, respectively, which falls within the targeted range. Richter et al. [48] classified
the alterations into three major groups as a minimal, moderate, and high alteration. The values between 0
and 33% are classified as minimal alteration, 34–67% as moderate alteration, while 68–100% as a high
alteration. In this study, IHA was used to evaluate the impacts on two stations (Cuntan and Miaohe)

http://www.nature.org/
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located upstream of TGD. At both stations, the period of 2003–2009 was considered as pre-impact
while 2012 to 2015 was considered a post-impact. Whereas, 2009–2012 corresponds to the construction
period of the dam constructed downstream of these stations. The river flows at Miaohe and Cuntan
stations are presented in Figures 2 and 3, respectively. The deviation of annual average of daily flow
from the mean flow over the years 2003–2015 is also shown in the figure to reveal wet and dry years.
The figure shows less variability in river flow, but comparatively low flow and more dry years after
construction of the dam.

Figure 2. The time series of daily river flow (up) and the anomaly of annual average of daily flow
at Miaohe station for the period 2003–2015 (down).

Figure 3. The time series of daily river flow (up) and the anomaly of annual average of daily flow
at Miaohe station for the period 2003–2015.
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4. Results and Discussion

4.1. Magnitude of Monthly Flow

The user-friendly interface of the IHA method provides considerable information on flow,
including pre- and post-impact on the flow regime. Vogel et al. [49] suggested the nondimensional
measurements of eco-surplus and eco-deficit, which depend on a Flow Duration Curve (FDC).
Critically, eco-surplus and eco-deficit could be calculated over any time of interest and respectively
correspond to overall loss or increase in streamflow because of flow regulation during the specified
period [49]. Richter et al. [50] proposed the range of variability method for describing river flow
regime alteration utilising the IHA measurements and recommended that the 25th to 75th percentile
range of these measurements could be utilised as river management purposes. Thus, Gao, Yang,
Zhao, and Yang [25] proposed that the FDC 25th percentile and FDC 75th percentile could be utilised
as the lower and upper limits of river ecosystem protection target downstream, and reclassified
the terms of eco-deficit and eco-surplus. If the seasonal or annual FDC of a given year is below
the FDC 25th percentile, the area between the seasonal or annual FDC and the FDC 25th percentile
was defined as eco-deficit. This value refers to the water deficiency amount about the river ecosystem
requirement. On the other hand, if the annual or seasonal FDC of a given year is situated over the 75th
percentile FDC, the area between the annual or seasonal FDC and the 75th percentile FDC was called
the eco-surplus. In the present study, the estimations of the eco-surplus and eco-deficit were divided by
the annual median flow amount. Figure 4 shows that in the case of Cuntan Station, not only low flows
but also high and medium flows are significantly reduced. A similar trend was also observed at Miaohe
Station (Figure 5). Nevertheless, it should be noted that, in the case of Miaohe Station, reduction of
the water volume is slightly higher than Cuntan Station. Significant impact of TGD on spatiotemporal
pattern of river flow dynamics has also been reported in other studies [51,52]. Cai, Cowan, Briggs,
and Raupach [51] estimated the impact of TGD on tide dynamics of the Yangtze River and reported high
impact of the dam on tide dynamics during the autumn and winter. They also reported a substantial
reduction in freshwater discharge during the wet-to-dry transition period but a slight increase in
discharge during the dry season. Zhang et al. [53] reported that discharge in the Yangtze River
after dam construction reduced by 3000–6000 m3/s at different points in the downstream. The flow
difference occurs mainly due to the operation mode of the hydropower plant. Therefore, in this regards,
better adjustment of the hydropower operation should be considered as potential measures to reduce
flow alteration and therefore provide adequate e-flows downstream of the dam [13,27].

Figure 4. Annual flow duration curve showing exceedance probability eco-deficit and eco-surplus
events for Cuntan Station.



Sustainability 2019, 11, 5176 7 of 16

The approach proposed by Gao, Yang, Zhao, and Yang [25] better evaluates eco-deficit
and eco-surplus because the median flow is not affected by extreme events. The FDC can be
combined with this rating curve to derive a habitat duration curve and develop the relationship
between habitat and eco-surplus/eco-deficit in streamflow. For instance, the ecological effect of
dams on Chinese sturgeon habitat has become a significant concern in the Yangtze River. October is
a crucial spawning period for Chinese sturgeon. However, flow during this time has considerably
altered because of dam construction (Figures 4 and 5). Other studies also reported the impact of
flow regime change on river ecosystems. Cheng, Opperman, Tickner, Speed, Guo, and Chen [52]
mentioned that the TGD caused profound effects on flow and sediment regimes of the Yangtze River,
which also affected the geomorphology and ecology in the downstream. Zhou et al. [54] reported
that the dam has significantly altered the river phosphorus content, which is a vital macronutrient
of freshwaters. Gao et al. [55] monitored fish population distribution of the Yangtze River before
and after construction of TGD and reported significant changes in species distributions due to dam
construction. Wang et al. [56] evaluated the response of sediment geochemistry of the Yangtze River
to TGD and found a decrease in Cd, Pb, and Zn in suspended sediments after dam construction.
Dai et al. [57] assessed the trends in annual snail area burden in different provinces along the Yangtze
River, both in the up- and downstream of the dam, and found that the total snail burden area remained
more or less stable in upstream provinces, while it decreased in the downstream provinces after
dam construction. Liu et al., in 2019, reported a significant decrease in fish species diversity of
the river after dam construction. They also found extinction of a large number of native fish species
and many species as endangered or vulnerable. Therefore, future studies may focus on developing
the habitat–duration curve for Chinese sturgeon to present suitable environmental flows for ecological
design and river management.

Figure 5. Annual flow duration curve showing exceedance probability eco-deficit and eco-surplus
events for Miaohe Station.

As an example, the monthly streamflow obtained at Cuntan Station is displayed in Figure 6.
The month of July is selected as the median flow, which is usually found high. As can be seen in
Figure 6, the flow varies from more than 15,000 m3/s to less than 25,000 m3/s from 2003 to 2009.
However, the impact of the dam is evident on the streamflow. The flow is seen in the range of 25,000 to
above 35,000 m3/s after dam construction.

Additionally, the 25th, median, and 75th percentiles of flow are also noticed to be altered. The 25th
percentile is found low, and 75th percentile of flow is found high. The low and high flows are the release
of water from the dam during July. The flow has a highest alteration in August, as well, it can be
seen in Figure 6 that the flow varies from 6000 m3/s to more than 20,000 m3/s before the dam was
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constructed and varies from more than 12,000 m3/s to more than 25,000 m3/s after the construction of
the dam. During September, it can be found as well that the flow varies from more than 10,000 m3/s to
more than 25,000 m3/s before the construction of the dam and altered from less than 20,000 m3/s to
more than 25,000 m3/s after the dam construction.

Figure 6. The pre- and post-impact on monthly flows at Cuntan Station.

Similar to Cuntan, the monthly flows for Miaohe Station are shown in Figure 7. Like Cuntan,
Figure 7 clearly shows the difference in the impact of the dam on Miaohe Station. The flow ranges
between 14,000 m3/s and 24,000 m3/s in July, while after alteration it is found to be in the range of more
than 14,000 m3/s to 25,000 m3/s. For August and September, as noticed in Figure 7, flow varies from
less than 14,000 m3/s to more than 22,000 m3/s and from less than 14,000 m3/s to more than 24,000 m3/s
from 2003 to 2009, respectively. The flow ranges from less than 14,000 m3/s to less than 20,000 m3/s
and from less than 14,000 m3/s to more than 20,000 m3/s, respectively, after the construction of the dam.

Figure 7. The pre- and post-impact on monthly flows at Miaohe Station.

Additionally, the 25th median and 75th percentiles of flow are also noticed to be altered, although
it can be noted that flow has a decreasing trend in the lower part of the study period. For the sake of
comparison, the impacts of the dam on median flow were analysed before and after the construction
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of the dam. The obtained results are presented in Table 2. The table shows the flows for pre-
and post-impact for each month separately.

Furthermore, the differences in flow as the relative change in percentage are also shown in Table 2.
A positive difference indicates an increase in flow, while a negative difference indicates a decreased
in flow. As can be seen in the table, the flow is decreased in most of the months at Cuntan Station.
The highest decrease occurs in October, which is estimated at−23.55%, which gradually starts decreasing
from November to December. The highest increase of 35.44% can be seen in July, followed by May.
It can be noticed that, even after the reservoir construction, flow is high during July. Zhang, Dong,
Gupta, Wu, and Li [43] reported that flood season often coincides from June to September, where a large
amount of water is released from the dam. Additionally, authorities also release a large amount of water
to maintain the water level in the downstream part of the dam. The results obtained for Miaohe Station
are displayed in Table 2 as well. The table also shows the positive and negative impact of flow over
the station. However, its negative impacts or decreases in flow are observed in a more extended period
of the year.

Similar to Cuntan, the highest flow is recorded in July, and the lowest flow is recorded
in October. After July, flows start decreasing till November, this could be due to the release of
water in the downstream side while it increases again in December to January. The months of February
to April again show a decreased inflow. Overall, it can be remarked that Cuntan is more stable in terms
of flow alteration compared to Miaohe Station.

Table 2. Impact of a dam on the flow during different months at Cuntan and Miaohe stations.

Month
Cuntan Station Miaohe Station

Pre-Impact
(m3/s)

Post-Impact
(m3/s)

Relative
Change (%)

Pre-Impact
(m3/s)

Post-Impact
(m3/s)

Relative
Change (%)

January 4100 4110 0.24 4800 5180 7.92
February 3560 3580 0.56 4450 4370 −1.80

March 4190 4120 −1.67 5250 5011 −4.55
April 4515 4475 −0.89 6830 6200 −9.22
May 7140 8120 13.73 10,300 10,540 2.33
June 12,400 11,250 −9.27 15,200 15,350 0.99
July 20,600 27,900 35.44 23,700 30,140 27.17

August 19,800 19,700 −0.51 22,700 21,130 −6.92
September 19,300 19,650 1.81 22,350 22,300 −0.22

October 12,100 9250 −23.55 13,900 10,500 −24.46
November 6795 5945 −12.51 7800 7587 −2.73
December 4590 4360 −5.01 5690 5861 3.01

4.2. Extreme Conditions

IHA considers several factors for the assessment of extremes inflow. Range of variability approach
(RVA) is an analysis of two stations. Positive hydrologic alteration values indicate a higher frequency of
values in the given range of variability (low, middle, or high) while negative values indicate a decreasing
frequency. The RVA analysis (Figures 8 and 9) shows a decrease in the frequency of minimum flows
in the low RVA category and increase in the frequency of maximum flow in the low RVA category
for Cuntan stations. In Cuntan Station, 30-day minimum and 1-day maximum had negative change.
Both changes are noticed as −1.63% and −2.15%, respectively. On the other side, at Miaohe Station,
detrimental changes are noticed in 1-day minimum, 3-day minimum, 7-day minimum, 30-day minimum,
and base flow index. Furthermore, it can also be noticed that no zero flow was recorded during pre-
and post-impact of the dam. Base flow, which is regarded as an impactful factor on the hydrology, is
found to increase in Cuntan and decrease in Miaohe. The increase in base flow is due to the decreased
inflow because of dam construction.



Sustainability 2019, 11, 5176 10 of 16

Figure 8. RVA categorisation of hydrologic indicators at Cuntan Station.

Over the same period, Miaohe Station showed decreasing in minimum flows, and 1-day maximum
and 3-day maximum flows as well, but 7-day, 90-day and 30-day maximum flows are increasing in
the low RVA categories.

Figure 9. RVA categorisation of hydrologic indicators at Miaohe Station.

It is most likely that these alterations are the result of increased frequencies of climate extremes.
Increasing climate extremes have been reported in China in recent years [58]. Both stations experienced
an increase in the frequency of low values for maximum flows. Overall, in terms of indicators,
most changes were observed in the magnitude of monthly water conditions and the magnitude
and duration of extreme annual conditions, particularly low flows for both stations. Moreover, frequency is
decreased in low values of minimum flow. A summary in relative changes of the extremes in pre-
and post-impact defined by IHA are presented in Table 3. Extremes are defined based on 1-, 3-, 7-,
30-, 90-day minimum and maximum flows, several days when the flow was zero and base flow index.
The values in Table 3 indicate that there is an impact on all extremes; however, the 1-day minimum has
the highest impact where the flow is reduced by −7.29% at Miaohe Station. Impact of TGD on minimum
flow of the Yangtze River is also reported in [52,59]. Tian, Chang, Zhang, Wang, Wu, and Jiang [59] found
significant increase in the annual mean low-flow after construction of a dam in the middle and lower
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Yangtze River. Cheng, Opperman, Tickner, Speed, Guo, and Chen [52] reported high influence of TGD
on water security in the middle and lower Yangtze River. Mei et al. [60] argued that the decrease in
minimum flow may be due to an increase in channel erosion. However, it can be noticed that overall,
the post-impact of a dam on minimum flow is not as high as its impact on maximum flow.

Nevertheless, it should be noted that little deviation of the low flows from the natural regime has
caused more implication in the ecosystem than the deviation of the maximum flows [50]. The results
showed that there are positive and negative impacts on both stations. Cuntan Station mostly has
positive impacts, while at Miaohe, negative impacts dominate permanently.

Table 3. Extremes in pre-impact and post-impact of the dam at Cuntan and Miaohe stations.

IHA Factor
Cuntan Station Miaohe Station

Pre-Impact
(m3/s)

Post-Impact
(m3/s)

Relative
Change (%)

Pre-Impact
(m3/s)

Post-Impact
(m3/s)

Relative
Change (%)

1-day minimum 3200 3240 1.25 3910 3625 −7.29
3-day minimum 3227 3287 1.86 3973 3817 −3.93
7-day minimum 3293 3371 2.37 4061 3930 −3.23

30-day minimum 3628 3569 −1.63 4326 4317 −0.21
90-day minimum 3811 3878 1.76 4681 4791 2.35
1-day maximum 46,500 45,500 −2.15 45,800 54,400 18.78
3-day maximum 41„770 44,600 6.78 44,430 49,900 12.31
7-day maximum 35,840 38,460 7.31 40,740 44,540 9.33

30-day maximum 26,270 29,980 14.12 31,690 34,010 7.32
90-day maximum 21,550 26,450 22.74 25,820 28,460 10.22

Number of
zero-days 0 0 0 0

Base flow index 0.30 0.31 3.19 0.31 0.30 −1.56

4.3. Timings of Annual Extreme Water

The third group of IHA provides information on the timings of annual extreme water conditions,
and this group includes two parameters, i.e., first is the 1-day annual minimum water condition,
while the second provides information on the 1-day annual maximum water condition. Both parameters
are regarded as very important, and they provide crucial information on environmental disturbances
or water stress in the aquatic ecosystem. The obtained results are presented in Table 4. Julian date of
each annual 1-day minimum over Cuntan Station revealed that it had decreased 17% in the post-impact
period. Likewise, Julian date of each annual 1-day maximum showed that days are 247 for pre-impact
and 206 for the post-impact period. These changes reflect the effect of dam operation in the area. Similar
to Cuntan, Miaohe showed a decrease in 1-day maximum, which was 229 in pre-impact and 206 in
the post-impact period. Contrary to the maximum, the minimum showed an increase of 14%. Mei, Dai,
Van Gelder, and Gao [60] and Tan et al. [61] also reported a decrease in peak flow in the downstream
after the construction of the dam.

Table 4. Timings of extreme annual discharge in pre- and post-impact of the dam at Cuntan
and Miaohe stations.

IHA Factor
Cuntan Station Miaohe Station

Pre-Impact Post-Impact Relative
Change (%) Pre-Impact Post-Impact Relative

Change (%)

Date of minimum 46 38 −17.39 41 47 14.63
Date of maximum 247 206 −16.59 229 206 −10.04

4.4. High and Low Pulses in Flow

The IHA categorised the frequency and duration of high pulses into group 4. Group 4 provides
the information of parameters related to the occurrence of the duration of high and low water condition
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in a given year. These high and low conditions are defined based on 75th percentile above (high pulse)
and 25th percentile below (low pulse) of the flow for the pre-impact period. The results obtained over
Cuntan Station are displayed in Table 5.

Table 5. IHA parameters obtained for group 4 over Cuntan and Miaohe stations.

IHA Factor
Cuntan Station Miaohe Station

Pre-Impact Post-Impact Relative
Change (%) Pre-Impact Post-Impact Relative

Change (%)

Low pulse count 5 4 −20 5 9 80
Low pulse duration 4 10.5 162.5 11 2 −81.81

High pulse count 5 3 −40 6 5 −16.66
High pulse duration 6 14 133.33 5 5 0

The table showed that low pulse count and high pulse duration are reduced. It was noticed that
low pulse is reduced to 20% while high pulse count is reduced to 40%. On the other side, low pulse
and high pulse duration are found increased at Cuntan. This increase was noticed to be ≈162% for
the low pulse duration while ≈133% for the high pulse duration. In Miaohe Station, low pulse count
was found to increase while low pulse and high pulse count decreased. Whereas, no change was
estimated in high pulse duration. Similar results were also obtained by Sojka et al. [62] over studying
the hydrologic alteration over Powa River, Poland. Overall, it can be noted that low pulse count,
high pulse count, and high pulse duration are slightly altered after the dam operation.

4.5. Rate and Frequency of Flow Changes

The parameters in group 5 of IHA show the rising rate, fall rate and reversals.
Overall, these parameters provide information on abrupt changes in the interannual flow. The result
obtained over Cuntan Station shown in Table 6 revealed that the rising rate is significantly decreased
from 270 to 155 m3/s and slightly changed in fall rate. Fall rate was found to decrease from negative 230
to negative 250 m3/s. The number of reversals was also found to decrease from 124 in pre-impact
to 77 in the post-impact period. Similar types of results are also noted in the study by Yan et al. [63],
where they also reported a decrease in rising-rate when conducting a study over the lower Yellow
River China. On the other side, Miaohe Station also showed quite similar results where rise and fall
rates were found to decrease and increase, respectively. However, the number of reversals was found
to increase in Miaohe and decreased in Cuntan.

Table 6. Rate and frequency of flow changes in pre-, and post-impact of the dam over Cuntan
and Miaohe stations.

IHA Factor
Cuntan Station Miaohe Station

Pre-Impact
(m3/s)

Post-Impact
(m3/s)

Relative
Change (%)

Pre-Impact
(m3/s)

Post-Impact
(m3/s)

Relative
Change (%)

Rise rate 270 155 −42.59 450 365 −18.88
Fall rate −230 −250 8.69 −400 −463 15.75

Number of reversals 124 77 −37.90 131 143 9.16

5. Conclusions

This study enabled us to understand the impact of the cascade dams located upstream of the TGD
in China on the river flow regime for the period 2003 to 2015. The assessment was carried out in
two periods. In the first period, the flow patterns were assessed before the construction of the dam,
pre-impact (i.e., 2003 to 2009). In the second period, the post-impacts of the dam were assessed from
2012 to 2015. The data obtained from Cuntan and Miaohe stations were utilised for these purposes.
The main findings are: 1) it is noted that the construction of the dams has profoundly impacted the flow
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patterns of the river; 2) the flow was assessed in each month separately and it was noticed that there
are a positive and negative impact on the flow of dam in the upstream part; 3) the flow was found
to vary in different months over different locations; 4) the highest increase was seen in the month
of July while the lowest decrease in October; 5) the results of extremes showed that the impacts of
the dams were significantly high on 1-day maximum extremes, which have reduced flow in Cuntan
and increase in Miaohe; 6) similarly, a high impact in the 90-day maximum reduced flow in both
stations; 7) base flow was found to increase in Cuntan and decrease in Miaohe; 9) the low pulse count
and high pulse duration are noted as reduced in Cuntan while low pulse and high pulse count are found
to be increased; and 10) the rise–fall rates and a number of reversals are found to be deceased in Cuntan
and increased in Miaohe. Therefore, it can be remarked that the results of the study can be useful for
monitoring and developing adaptation measures to eradicate the negative impacts of the dams in
the region. In the present study, the time spans were used as the pre-impact and post-impact periods
(2003–2009 and 2012–2015 respectively) due to unavailability of data. The study can be repeated in
future using the same time spans for pre-impact and post-impact periods when data will be available.
The classical RVA has a number of limitations, such as it considers parameter variations only within
the target range. To overcome the limitations, several modified versions have been made which can be
used in future for better analysis of river flow regime changes.
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