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Abstract: Low flow is a seasonal phenomenon which is a critical requirement for utilization of water
resources under rapidly changing environmental conditions. The operation of the Three Gorges
Dam (TGD) has had a great influence on downstream low flow in the Yangtze River. In this paper,
the characteristics of low flow in the main Yangtze River were analyzed during the dry season
before and after the TGD operation during the period of 1956-2016. The results show that: (1) the
operation of the TGD has changed the spatial and temporal distribution of streamflow in the middle
and lower Yangtze River and the annual mean low flow has increased significantly since the TGD
operation. (2) The operation of the TGD could advance the date of the start of dry season in the
lower Yangtze River basin. The start dates of the dry season in the Yichang, Hankou and Datong
stations were advanced by 14 days, 10 days and 9 days, respectively. (3) The minimum streamflow in
the lower Yangtze River has increased notably since the TGD operation. The minimum streamflow
was raised by 42.91%, 13.76% and 6.06% at the Yichang, Hankou and Datong stations, respectively.
The increasing number of dams in the world might have the potential effects on downstream low flow.
More attention should be paid to investigating the influence of dam construction on low flow in
rivers all over the world.
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1. Introduction

Low flow is critical to water resources development and management [1]. In fact, low flow is a
major component of a flow state of rivers and a seasonal phenomenon that usually occurs at the same
time every year [2,3]. A lot of effort has been made to assess the impacts on low flow. Sun et al. [4]
pointed out that low flow could aggravate the shortage of water resources in the dry season, which
restricted the development of the social economy to a certain extent. Low flow can cause drinking
water difficulties, too [5]. Lu [6] discovered that low flow might affect the security of the industrial,
agricultural and daily water intake along a river and lake. Zhang [7] reported that low flow could
affect the safety and efficiency of waterway transportation because many marine accidents such as
collisions and groundings happened during the dry season. Some researchers found that low flow
could change water quality as well [8]. Luke et al. [9] discovered that the water quality guidelines
on five sites of the Lower Murray River and Lower Lakes in South Australia during an extreme low
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flow period were significantly exceeded. Luke et al. [9] also found that low flow could result in longer
water residence times and lead to lower water volumes, which often increased water temperatures.
Low flow affects the amount of wetted habitat area and resource availability as well [10,11]. Extreme
low flow may even change the connectivity of the habitat and turn streams to a sequence of isolated
pools [12]. In addition, low flow provides better opportunities for algal growth [13-16]. Low flow also
has potential influences on nutrient availability, instream primary production [17,18], and reduces the
total biomass of aquatic insects sharply [19], along with decreases in aquatic biodiversity [13,20,21].
Overall, low flow could negatively affect socio-economic outcomes [22].

Classically, low flow is derived from ground or overland discharge from marshes, lakes, or melting
glaciers [3]. Therefore, ice and snow melting have an influence on low flow [23-26]. For example,
changes in snowmelt timing due to changes in temperatures could directly control the late summer
low flow [27-31]. In addition, White [32] revealed that limestone, karst and dolomite rocks have the
potential to decrease low flow. Infiltration characteristics of soils, vegetation types and topography
will likely influence low flow, too [33]. Other than natural effects, low flow is affected by various
anthropogenic impacts as well. For instance, groundwater abstractions, afforestation and deforestation
were discovered to have a major impacts on low flow in many catchment experiments [3,34—40]. Apart
from indirect anthropogenic impacts, removing water straight from or adding water to the creeks can
change the low flow too [3]. Moreover, dams could increase the frequent occurrence of low flow [41].
Non-aquatic vegetation can invade the low flow channel due to the decrease of low water discharges
caused by the construction of dams [42,43].

A global database showed that most of the large river systems in the world has been and divided
by huge dams [44]. Botter et al. [45] reported that the operation of dam in the Piave River of Italy has
resulted in notable reductions of streamflow. Mix et al. [46] assessed the influence of dam building
on discharge during a severe drought in the upper Colorado River basin, Texasi, and the conclusions
indicated that building the dam reduced the streamflow visibly and intensified the hydrological
drought in the downstream. Fitzhugh and Vogel [47] also listed the decrease in flood flows caused
by the dams throughout the United States. Burke et al. [48] focused on the hydrological alterations
Libby Dam of the Kootenai River caused, in western North America, and found that the operation
of Libby Dam could change the duration of flow and increase the minimum streamflow during the
dry season. Cowell and Stoudt [49] pointed out that the hydrologic responses to Kinzua Dam in
northwestern Pennsylvania include increased low flow levels and decreased magnitude of flood peaks.
Neal et al. [50] estimated the influence of farm dams on stream flow in upland regions of Victoria in
southeast Australia, low flow spells have been discovered to commence earlier and occur in more
months of the year. Bonacci and Oskorus [51] revealed that the construction and operation of Croatian
dams could decrease the suspended sediment yield in a downstream water regime as well.

As the largest hydropower project in the world and the main project of the three Gorges
Hydropower Station, the Three Gorges Dam (TGD) is located in the upper reaches of the Yangtze
River, just near Yichang. In dry season, the TGD is used to retain water and hold the water level
above threshold values. The total length of the TGD is about 2309 m and its height is 185 m. After
different stages of water impoundment, the reservoir has been operating at full capacity since 2010 [6].
The building of the TGD has caused a lot of controversy with regard to its benefits and impacts [52].
Although the TGD has brought benefits to the Yangtze River as for hydropower generation, flood
management and navigation capacity, serious questions have been raised regarding its effect on
downstream ecosystems. Many researchers found that the operation of the TGD has complicated
significantly the streamflow of the Yangtze River [6]. Dai et al. [53] pointed out that the TGD was
associated with the reduction of Yangtze River streamflow during wet season and the rise of the river
discharge in the dry season by using the data of 2006. In other words, the TGD could affect the seasonal
change of streamflow of the Yangtze River by impounding and releasing water [54,55]. Guo et al. [56]
revealed that the building of the TGD caused the variation in the Yangtze River discharge was lower
than 10% in most seasons. Yang et al. [57] reported that the sediment transport rate in the Yangtze
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River was cut down by 31% after completion of the TGD. The sediment transport rate is strongly
correlated with river discharge [58]. Zhang et al. [59] proposed that the TGD could make the discharge
increase in May and decrease in September. Some researchers also found that low flow in the dry
season of the lower Yangtze River have been advanced and persisted longer due to the TGD [60,61].

Despite much research on the impacts of the TGD impounding on the Yangtze River [53], seldom
people pay attention to the difference in downstream low flow in the Yangtze River before and after
the TGD operation. Questions like, ‘How does the impounding of the TGD influences the downstream
low flow in the Yangtze River?’, have not been fully considered, which is of remarkable importance to
comprehending the relationship between the TGD and downstream low flow in the Yangtze River.
Few studies reconstruct the streamflow without the TGD after 2003 and give the definition of the start
date of the dry season as well. The issues to be revealed in this paper cover: (1) the impacts caused
by the TGD on the main Yangtze River; (2) the impacts of the TGD on downstream low flow in the
Yangtze River; (3) the impacts of the TGD on minimum streamflow of the main Yangtze River. In this
paper, we try to solve these problems based on a complete analysis of long-term streamflow datasets
across the main Yangtze River basin. This study is meaningful for the further understanding of the
effects of the impounding of the TGD on downstream low flow in the Yangtze River.

2. Data and Methodology

2.1. Study Area and Data

The Yangtze River is the largest river in China and the third largest river in the world, which
accounts for 35.1% of the total streamflow of China [62]. This river originates from the Tibetan Plateau,
flowing from west to east. The main Yangtze River has an area of 1,800,000 km?, occupying about
one fifth of the total land area of China. Generally, the Yangtze River can be divided into three parts:
the upstream (upstream of the Yichang station), midstream (between the Yichang and Hukou station)
and downstream (downstream of the Hukou station).

Most of the Yangtze River basin is affected by the subtropical monsoon climate, where the
mean annual precipitation ranges from 270-500 mm in the western region to 1600-1900 mm in
the southeastern region [63]. Today, the Yangtze River is undergoing severe hydrological changes,
especially in the middle-lower Yangtze River [64-67]. The most remarkable hydrological variety of the
Yangtze River is the occurrence of seasonal hydrological droughts since the year 2000 [55]. The dry
season in the Yangtze River basin is from November to the following March due to the sustained low
flow caused by long-term low rainfall in this basin. In fact, most of the mean annual precipitation in the
Yangtze River (70-90% of the total) comes from the wet season [1,8]. In the dry season, the streamflow
in the Yangtze River always decreases sharply and causes severe water supply, environmental and
economic problems.

Daily streamflow from the Cuntan, Yichang, Hankou and Datong hydrological stations during the
period of 1956-2016 in the main Yangtze River were used in this study (Referring to Figure 1). Missing
streamflow data was interpolated by the average value of its adjacent stations. The reservoir inflow
and outflow of the TGD data was from China Three Gorges Corporation (http://www.ctg.com.cn/).


http://www.ctg.com.cn/

Water 2019, 11, 65 40f 16

x10*

(a) Cuntan [lPre-TGD (b) Yichang EMPre-TGD
[JPost-TGD 1 [ Post-TGD 1

[l Simulated

'ﬂﬂﬂ“"""nhﬂ

0
Jan Feb Mar AprMay Jun Jul AugSep OctNovDec Jan Feb Mar AprMay Jun Jul AugSep OctNovDec
Month Month

yé}a 120°E

x10*

(=)}
(=)

[
W

Streamflow(m */s)
Streamflow(m 3/s)

N
-~

[§]
L]

,_.
o

(=]

104°E  108°E  112°E

Yangtze R. basin

34°N

30°N

26°N |

22°N
4 4
6 %10 6 x 10
(c) Hankou MPre-TGD (d) Datong [MPre-TGD
_5r [ Post-TGD 1 5t [JPost-TGD 1
= IllSimulated = g ElSimulated
£ 4t g = 4t 1 J
ES ES
o3} 4 o3} 4
= =
£ £
52 - 5of ;
b= =
7] w2
0 0
Jan Feb Mar AprMay Jun Jul AugSep OctNovDec Jan Feb Mar AprMay Jun Jul AugSep OctNovDec
Month Month

Figure 1. Location of the study area and the monthly average streamflow distribution of the Cuntan (a);
Yichang (b); Hankou (c) and Datong (d) stations.

2.2. Methodology

The streamflow at the Yichang, Hankou and Datong stations without the impounding of the TGD
were reconstructed by the method of Zhang et al. [68]. The length between the Yichang station and the
TGD is about 39 km and this distance was negligible due to it being too short. The distance between
the Hankou station and the TGD is about 667 km, and it takes the water around 7 days to flow from
TGD to the Hankou station. The distance between the Datong station and the TGD is about 1129 km,
and the water spends 12 days flowing from the TGD to the Datong station. Thus, the reconstructed
discharge at the Yichang station was roughly equivalent to the sum of the impounding of the TGD
(TGD inflow minus TGD outflow) and the discharge of Yichang at the same day. The reconstructed
streamflow at the Hankou station was simulated as the total of the impounding of the TGD (inflow
minus outflow) and the streamflow of Hankou with a lag of 7 days. The reconstructed streamflow
at the Datong station was computed as the impounding of the TGD (inflow minus outflow) plus the
streamflow of Datong with a lag of 12 days.
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In this paper, the dry season was defined as the period from November to March. It was hard
to calculate the start date of the dry season because the dry season spans two years. Therefore,
the hydrological year was used in our research and the hydrological year was defined as May to April.
Then, the streamflow of five consecutive days less than the mean low flow can be regarded as the start
date of the low flow period. The end date of low flow period can be calculated in the same way.

3. Results

3.1. The Impact of the Three Gorges Dam (TGD) on the Main Yangtze Rive

The operation of the TGD has altered the streamflow of the trunk stream of Yangtze River.
The monthly mean streamflow for the Cuntan, Yichang, Hankou and Datong stations during the
pre-TGD (1956-2003) and the post-TGD (2004-2016) periods are shown in Figure 1. It can be found
that the streamflow of January, February, March and December in the pre-TGD period were lower
than that of the post-TGD period, while the streamflow in July, August, September and October in
the pre-TGD period were higher than that of post-TGD period (Figure 1). Figure 2 shows the annual
mean streamflow in the Cuntan, Yichang, Hankou and Datong stations during the pre-TGD and the
post-TGD periods. It can be found that the streamflow for the post-TGD period was much lower than
that of pre-TGD period. This was also the case in analyzing the reconstructed streamflow which aimed
to eliminate the influence of the operation of TGD (Figure 2b—d). By using the t-test, we found that the
p values at the Cuntan, Yichang, Hankou and Datong stations were 0.023, 0.000034, 0.006 and 0.021,
respectively. This result revealed that the difference of streamflow between pre-TGD and post-TGD
periods was significant for the four stations at the 0.05 significance level. Table 1 displays the average
value of annual mean streamflow at the Cuntan, Yichang, Hankou and Datong stations during the
pre-TGD and the post-TGD periods. In Table 1, Qpre was the observed streamflow during the pre-TGD
periods, Qpost was the observed streamflow during the post-TGD periods, Qsim was the reconstructed
streamflow during the post-TGD periods. AQ; denoted the observed streamflow during the post-TGD
periods minus the observed streamflow during the pre-TGD periods (Qpost — Qpre), AQ2 means the
observed streamflow minus the reconstructed streamflow during the post-TGD periods (Qpost — Qsim)-
It could be found that the streamflow at the Cuntan station dropped 4.93% during the post-TGD period
compared to the pre-TGD period. The decrease of streamflow for the other three stations was even
more severe than that of the Cuntan station. The streamflow at the Yichang, Hankou and Datong
stations dropped more than 6% during the post-TGD period compared to the pre-TGD period (Table 1).
However, compared with the reconstructed streamflow, the streamflow of the Yichang, Hankou and
Datong stations dropped slightly by 0.63%, 0.37% and 0.30%, respectively (Table 1). This indicated that
the operation of TGD has also changed the streamflow in the lower Yangtze River. However, it was
not the main cause of the streamflow decrease in the lower Yangtze River basin.
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Figure 2. Observed and reconstructed annual mean streamflow for Cuntan (a), Yichang (b), Hankou
(c) and Datong (d) during the pre-Three Gorges Dam (TGD) (1956-2003) and post-TGD (2004-2015)
periods (the difference in annual mean streamflow before and after the TGD operation was statistically

significant at the 0.05 significance level using the method of -test).

Table 1. The annual average streamflow for the Cuntan, Yichang, Hankou and Datong stations during
the pre-TGD and the post-TGD periods (AQ; means Qpost minus Qpre, AQy means Qpost minus Qgim).

. Qpre onst Qsim AQq AQI/Qpre AQ; AQZ/Qsim
Stations (m3/s) (m?/s) (m?/s) (m®/s) (%) (m®/s) (%)
Cuntan 10,886.61 10,350.38 — —536.23 —4.93 — —
Yichang 13,702.11 12,370.62 12,448.84 —1331.49 —9.72 —78.21 —0.63
Hankou 22,399.69 21,037.88 21,117.02 —1361.81 —6.08 —79.14 —-0.37
Datong 28,273.71 26,563.96 26,643.18 —1709.75 —6.05 —79.21 —-0.3

In order to figure out how the TGD influenced the lower Yangtze River, the accumulated

streamflow anomalies in the upper and lower Yangtze River basin at the Cuntan, Yichang, Hankou
and Datong stations were analyzed, respectively (Figure 3a). It can be found that the trends of the
streamflow anomalies at the Cuntan, Yichang, Hankou and Datong stations have similar patterns.
The streamflow anomalies increased in the early 1980s, and decreased in the 1950s, 1970s and the
latter half of the 2000s. However, the trends of the Cuntan and Yichang stations were opposite to
that of the Datong station in the middle 1990s. At that time, the trends of the Cuntan and Yichang
stations decreased slowly; however, there were marked increasing trends at the Datong station.
The accumulated streamflow anomalies at the four stations and the inflow and outflow of the TGD
were shown in Figure 3b. The trends of inflow and outflow of the TGD were similar to that of the
Cuntan, Yichang and Hankou stations. However, the trends of inflow and outflow of the TGD were
different from that of the Datong station. The trends of inflow and outflow of the TGD had changed
slightly in 2004 and 2005 while the Datong station decreased sharply at the same time.
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Figure 3. The accumulated monthly streamflow anomalies compared with the average over (a)
1956-2016 and (b) 2004-2016 in the Yangtze River basin. The inflow and outflow of the TGD represent
the water balance of the TGD.

3.2. The Impacts of TGD on Downstream Low Flow in the Yangtze River

Does the operation of the TGD have influenced the streamflow of the main stream of the Yangtze
River during the dry season? Mean streamflow at the Cuntan, Yichang, Hankou and Datong stations
for the dry season during the period of 1956-2015 were exhibited in Figure 4. It can be seen that the
streamflow at the Cuntan station increased slightly after the year of 2003 (Figure 4a). For the lower
Yangtze River basin at the Yichang, Hankou and Datong stations, the mean streamflow for the dry
season during the post-TGP period was obviously higher than that of the pre-TGP period (Figure 4b-d).
The results of the t-test showed that p values of the four stations were all less than 0.05, which indicated
the statistical significance difference existed between these two different periods. Table 2 showed the
statistical information for the mean streamflow of the dry season at the Cuntan, Yichang, Hankou
and Datong stations for the pre-TGD and the post-TGD periods. In this table, Qpre was the observed
mean streamflow of the dry season for the pre-TGD period, Qpost was the observed mean streamflow
for the dry season during the post-TGD period, Qgim Was the reconstructed mean streamflow for
the dry season during the post-TGD period. Table 2 showed that the mean streamflow of the dry
season increased about 470.14 m3/s during the post-TGD period compared to that of the pre-TGD
period at the Cuntan station, however, the mean streamflow of the dry season at the Yichang, Hankou
and Datong stations increased higher than that of the Cuntan station. Mean streamflow of the dry
season for the period of the post-TGD period increased by 9.01%, 3.57% and 2.1% compared to that
of the pre-TGD period at the Yichang, Hankou and Datong stations, respectively (Table 2). As for
the reconstructed streamflow, it can be found that the simulated streamflow of the dry season was
lower than that of observed streamflow. Thus, it can be inferred that the operation of TGD could even
increase the streamflow of the dry season, which could improve the navigation capacity of the Yangtze
River during that period (Figure 4b—d).

7000

(@ Cuntan ~ —Pre-TGD 3000 H®) Yichang ~ —pre-TGD |
Post-TGD Post-TGD
2}6000 z = = Simulated
H\E ME 7000 3
g 5000 g
= - =
= = 6000
< <
2 g
@ 4000 2 5000 H
4000

3000

1955

1965

1975

1985
Year

1995 2005 2015

1955

Figure 4. Cont.

1965

1975

1985
Year

1995 2005 2015



Water 2019, 11, 65 8 of 16

4 4
1.8 X 10 . . . . . 23 x 10 . . . . .
(c) Hankou —Pre-TGD (d) Datong —Pre-TGD
1.6 F Post-TGD A Post-TGD
R 24F o« 1
@z Simulated > Simulated
o 14 - on
£ £
: :
=12 =
g g 1.
< <
2 1Ir 2
@ 7
0.8
.6 + L - - + 0.8 - - . + -
1955 1965 1975 1985 1995 2005 2015 1955 1965 1975 1985 1995 2005 2015
Year Year

Figure 4. Mean streamflow at Cuntan (a); Yichang (b); Hankou (c) and Datong (d) for the dry season
during the period of 19562015 (the difference in average streamflow before and after the TGD operation
was statistically significant at the 0.05 significance level with t-test).

Table 2. Mean streamflow of the dry season at the Cuntan, Yichang, Hankou and Datong stations for
the pre-TGD and the post-TGD periods (AQ; means Qpost minus Qpre, AQ2 means Qpost minus Qsim )-

Stations Qpre onst Qsim AQq AQllQpre AQ, AQ2/Qsim
(m®/s) (m®/s) (m®/s) (m®/s) (%) (m®/s) (%)
Cuntan 4132.27 4602.41 — 470.14 11.38 — —
Yichang 5360.01 5998.59 5502.77 638.58 11.91 495.83 9.01
Hankou 10,834.78 12,1109 11,693.19 1276.12 11.78 417.71 3.57
Datong 14,773.27 16,026.79 15,696.48 1253.52 8.49 330.31 21

Cumulative probabilities of the streamflow at the Cuntan, Yichang, Hankou and Datong stations
during the pre-TGD and the post-TGD periods in the dry season was analyzed in Figure 5. It can be
found that the pattern of the cumulative probabilities of the streamflow at the Cuntan station during
the pre-TGD period was similar to that of the post-TGD period (Figure 5a). However, it had clear
differences between the Cuntan station and the other stations for the cumulative probabilities of the
streamflow in the dry season. The streamflow for the other three stations of the post-TGD period were
much greater than that of the pre-TGD period in extreme drought years (p < 10% in Figure 5b—d).
Moreover, the cumulative probabilities of the streamflow of the dry season at the Cuntan, Yichang,
Hankou and Datong stations during the pre-TGD period were always higher than that of post-TGD
period for the drought years (10% < p < 85% in Figure 5). It is noteworthy that the streamflow for
all the four stations during the post-TGD period turned to be mildly lower than that of the pre-TGD
period for the extreme wet years (p > 85% in Figure 5). Therefore, the TGD could increase the low

value streamflow of the extreme drought years and slightly decrease the high value streamflow of the
extreme wet years in the downstream.
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Figure 5. Cumulative probabilities of streamflow for pre-TGD and post-TGD period in Yangtze River
at Cuntan (a); Yichang (b); Hankou (c) and Datong (d).

Figure 6 showed the hydrological annual daily sequence of the beginning of the dry season during
the pre-TGD and the post-TGD periods. It can be seen that the TGD operation could advance the
beginning date of the dry season at the Yichang, Hankou and Datong stations, while the start date
of dry season in the upper Yangtze River basin (Cuntan station) was delayed over 21 days. In fact,
the impounding of the TGD has caused the start date of the dry season to be advanced by more than 14,
10 and 9 days at the Yichang, Hankou and Datong stations, respectively. The advancing of the start
date of dry season could aggravate the impacts of the drought in October in the lower Yangtze River.
However, it should be pointed out that the dry season almost disappeared in some years after the TGD
operation, such as the hydrological years of 2012, 2013 and 2014 in Yichang station.
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Figure 6. The hydrological annual daily sequence of the start of dry season of Cuntan (a); Yichang (b);
Hankou (c) and Datong (d) from hydrological year 1956 to 2014.

Figure 7 revealed that the streamflow in October decreased sharply due to the impounds of the
TGD for the Yichang, Hankou and Datong stations. Although the mean streamflow for the four stations
during the post-TGD periods was lower than that of the pre-TGD periods, the simulated streamflow
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was much lower than the observed streamflow after TGD impounding in the lower Yangtze River.
This phenomenon displayed that the impounding of the TGD intensified the drought of the lower
Yangtze River in October. Similar results can also be found in Figure 1. Besides, the differences of the
streamflow between the pre-TGD and post-TGD in October at Cuntan, Yichang, Hankou and Datong
stations were significant by using the t-test method (p < 0.05).
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Figure 7. Streamflow at Cuntan (a); Yichang (b); Hankou (c) and Datong (d) in October during the
period of 1956-2015 (the difference in average streamflow before and after the TGD operation was
statistically significant at the 0.05 significance level with t-test).

3.3. The Impacts of the TGD on Minimum Streamflow of the Main Yangtze River

Figure 8 showed that the minimum streamflow at the Cuntan, Yichang, Hankou and Datong
stations has increased slightly after the year of 2004 due to the operation of the TGD. t-Test was
also used in order to calculate that statistical significance of average streamflow before and after the
building of the TGD. The results showed that there was a significant difference between average
discharges in the two periods for Cuntan, Yichang, Hankou and Datong stations (p < 0.05). Table 3
showed the statistical information for the minimum streamflow at the Cuntan, Yichang, Hankou
and Datong stations for the pre-TGD and the post-TGD periods. In Table 3, Qpre was the observed
minimum streamflow during the pre-TGD periods, Qpost was the observed minimum streamflow
during the post-TGD periods, Qgim was the reconstructed minimum streamflow during the post-TGD
periods. It can be found that the minimum streamflow increased by 16.25% during the post-TGD
period than that of the pre-TGD period at the Cuntan station, however, the minimum streamflow at
the Yichang, Hankou and Datong stations increased higher than that of Cuntan station. In addition,
compared with the reconstructed minimum streamflow, the observed minimum streamflow of the
Yichang, Hankou and Datong stations increased by 42.91%, 13.76% and 6.06%, respectively (Table 3).
It indicated that the operation of TGD could increase the minimum streamflow in the lower Yangtze
River as well.

Table 4 exhibited the 10-year, 20-year, 50-year and 100-year return period at the Cuntan, Yichang,
Hankou and Datong stations during the dry season from 1956 to 2015. In Table 4, Qs denoted the
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observed streamflow, Qg Was the reconstructed streamflow. It can be found that the impoundment of
the TGD had increased the streamflow of the return period in the lower Yangtze. The impounding of
the TGD had the greatest influence on the Yichang station, it increased the streamflow of the 100-year
return period during the dry season by 13.56%. The impounding of the TGD had little influence on the
Datong station, the percentage of the raise for the streamflow of a 100-year return period during the
dry season was only 0.05%.
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Figure 8. Minimum streamflow at Cuntan (a), Yichang (b), Hankou (c) and Datong (d) during the
period of 1956-2015 (the difference in average streamflow before and after the TGD operation was
statistically significant at the 0.05 significance level with the t-test).

Table 3. Minimum streamflow at the Cuntan, Yichang, Hankou and Datong stations for the pre-TGD
and the post-TGD periods (AQ; means Qpost minus Qpre, AQz means Qpost minus Qgim)-

Stations Qpre onst Qsim AQq AQl/Qpre AQ, AQ2/Qsim
(m3/s) (m3/s) (m3/s) (m3/s) (%) (m3/s) (%)
Cuntan 2693.19 3130.83 — 437.64 16.25 — —
Yichang 3383.19 4738.33 3315.61 1355.14 40.06 1422.72 4291
Hankou 6870.64 8771.67 7710.36 1901.03 27.67 1061.31 13.76
Datong 9044.47 10,533.33 9931.93 1488.87 16.46 601.40 6.06

Table 4. The 10-year, 20-year, 50-year and 100-year return period of Yichang, Hankou and Datong
stations during the dry season from 1956 to 2015 (AQ means Qs minus Qi ).

Return Yichang Hankou Datong
Period Qobs Qsim AQ/Qsim Qobs Qsim AQ/Qsim Qobs Qsim AQ/Qsim
(Years) (m3/s) (m3/s) (%) (m3/s) (m3/s) (%) (m3/s) (m3/s) (%)
10 6316 6145 2.78 13,049 12,912 1.06 18,200 18,108 0.51
20 6632 6284 5.55 13,546 13,419 0.95 19,105 19,032 0.38
50 7020 6385 9.95 14,048 13,942 0.76 20,068 20,028 0.2
100 7298 6426 13.56 14,341 14,254 0.62 20,662 20,651 0.05
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4. Discussion

Recently, severe water shortages of the Yangtze River basin have aroused widespread concern
and added the probability of the TGD being accountable for the change of the downstream low flow in
the Yangtze River. Despite various studies revealing the considerable effects on the Yangtze River [53],
the TGD’s impacts on downstream low flow in the Yangtze River still needs to be further assessed.

This work quantified the effects of the TGD on the main stream of the Yangtze River by using
a six-decade runoff record in this basin and the inflow and outflow data of the TGD. We found that
the operation of the TGD could reduce Yangtze River discharge in the wet season, while increasing
the streamflow during the dry season. In addition, the streamflow decreased sharply after the TGD
impounding in the middle and lower Yangtze River. Therefore, the impounding of the TGD could
reduce the streamflow of main Yangtze River, which could aggravate the drought of Yangtze River.
These results agreed well with the previous research [53]. For instance, Dai et al. [53], Guo et al. [54]
and Lai et al. [55] demonstrated that dams could create reductions in peak flow and increase low
flow by impounding and releasing water. Cowell and Stoudt [49] made the same point through the
study of the Kinzua Dam in northwestern Pennsylvania. Guo et al. also described that the building of
the TGD has led to less variation in the Yangtze River flow in the majority of the seasons. However,
Botter et al. [45] and Mix et al. [46] found that the building of dam leads to remarkable reductions of
streamflow in the Piave River, Italy and the upper Colorado River basin, Texas. This conclusion is
inconsistent with our research. It is possible that we should focus on the environmental and other
human factors, which also influenced the streamflow in the rivers.

This work also quantified the influences of the TGD on downstream low flow of the main stream
of the Yangtze River as well. The low flow increased after the operation of the TGD was more than
630 m3/s in the Yichang, Hankou and Datong stations. The TGD could even increase the streamflow
by 9.01% for the Yichang station compared with the simulated streamflow. Consequently, the TGD
could increase the downstream low flow in the Yangtze River. This improvement wan from upstream
to downstream. We also found that the TGD could increase the low value streamflow of the extreme
drought years (p < 10%). Meanwhile, the impounding of the TGD decreased the high value streamflow
of the extreme wet years (p > 85%) slightly. It can be discovered that the start dates of the dry season
in Yichang, Hankou and Datong stations were advanced for 14 days, 10 days and 9 days, respectively.
The TGD impounds water mainly in late September and early October while it releases more water in the
dry season. This study revealed that the streamflow in October decreased sharply due to the operation
of the TGD, which means the impounding of the TGD could intensify the drought of the lower Yangtze
River basin in October. However, the influence of the TGD has resulted in less than 10% of the variation
in the Yangtze River flow in most of the seasons [56]. Therefore, the TGD inflow value is more or less
similar to the outflow. Some studies reached the same conclusions. For example, Fitzhugh and Vogel [47]
pointed out that dams throughout the United States reduced the flood flows. Mix et al. [46] discovered
that the construction of dam in the upper Colorado River basin of Texas could exacerbate hydrological
drought downstream during a severe drought. Some researchers [69] found that the commencement
of the dry season could be advanced because of the impounding of dams in Poyang Lake and upland
regions of Victoria in southeast Australia. The previous studies also revealed that low water levels in the
dry season of the lower Yangtze River have started earlier due to the TGD as well [60,61]. However, there
were some researchers that reached different or even contrary conclusions. For example, Williams and
Gordon [42] thought that dams might decrease low flow discharges because the width of the low flow
channel might be reduced by the invasion of non-aquatic vegetation in the semiarid western US. Some
studies found that the dams could advance the appearance of the minimum streamflow. Liu et al. [70]
discovered that the TGD postponed the date of the annual minimum daily streamflow. Burke et al. [48]
revealed that the operation of Libby Dam could increase the minimum streamflow during the dry season
in western North America. This phenomenon has been discovered in our study as well. We found that
the operation of the TGD increased the minimum streamflow of Yichang, Hankou and Datong stations.
These results prove that dams could cause complex impacts on streamflow in the rivers.
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Some researchers also thought that the construction of large dams could lead to the occurrence
of earthquakes and the earthquakes might increase the streamflow because they would settle and
compact the surficial deposits, liquefy the saturated valley-bottom deposits and result in collapses
and landslides [71,72]. However, besides natural disasters resulting from large dams, the increase in
extreme weather events such as drought and flood caused by climate change has a potential influence
on streamflow as well. Bernard et al. [73] discovered that the higher recurrence of extreme weather
events was basically consistent with recent streamflow changes. Zhang et al. [68] pointed out that the
extreme droughts in the Poyang Lake basin could lead to the decrease of streamflow. Wang et al. [72]
revealed that the flash floods dominated by heavy rains within short time might cause landslides,
which in turn blocked the river channels. Therefore, more attention should be paid to find further
influences in a changing environment (e.g., the human activities and climate change) on low flow.

5. Conclusions

In this paper, the changing feature of the streamflow of the main Yangtze River with the impacts
of the TGD were analyzed by using the daily streamflow at the Cuntan, Yichang, Hankou and Datong
hydrological stations during the period of 1956-2016. The main conclusions were as follows:

(1) The operation of the TGD has significantly increased the downstream low flow. The TGD has
increased the low streamflow of the extreme drought years and slightly decreased the high value
streamflow of the extreme wet years. Generally, the TGD has greatly changed the monthly and
interannual distribution of streamflow in the lower Yangtze River.

(2) The start date of the dry season in the upper Yangtze River basin was delayed for 21 days, however,
the start dates of the dry season at Yichang, Hankou and Datong stations were advanced for 14,
10 and 9 days, respectively. The advancing of the start date of dry season could aggravate the
impacts of the drought in October in the lower Yangtze River.

(3) The minimum streamflow in the lower Yangtze River has increased obviously after the TGD
operation. The minimum streamflow has increased by 42.91%, 13.76% and 6.06% at Yichang,
Hankou and Datong stations, respectively. Moreover, the minimum streamflow in 100 years has
increase obviously at Yichang station. Therefore, large dams in the Yangtze River has had a great
impacts on the downstream low flow and similar things happen all over the world. More work
should be done to study the complexity and risk affected by large dams on downstream low flow
all over the world.
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