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Abstract: As one of the fastest developing regions in China, the middle-lower Yangtze River (MLYR) is vulnerable to floods and
droughts. With obtained time series of annual highest water level (HWL), annual lowest water level (LWL) and the corresponding river
discharges from three gauging stations in MLYR that covering the period 19872011, the current study evaluated the change character-
istics of annual extreme water levels and the correlation with river discharges by using the methods of trend test, Mann-Whitney-Pettitt
(MWP) test and double mass analysis. Major result indicated a decreasing/increasing trend for annual HWL/LWL of all stations in
MLYR during the study period. A change point in 1999 was identified for annual HWL at the Hankou and Datong stations. The year
2006 was found to be the critical year that the relationship between annual extreme water levels and river discharges changed in the
MLYR. With contrast to annual LWL in MLYR, further investigation revealed that the change characteristics of annual HWL were
highly consistent with regional precipitation in the Yangtze River Basin, while the linkage with Three Gorges Dam (TGD) operation is
not strong. Our observation also pointed out that the effect of serious down cutting of the riverbed and the enlargement of the
cross-section area during the initial period of TGD operation caused the downward trend of the relationship between annual LWL and
river discharge. Whereas, the relatively raised river water level before the flood season due to TGD regulation since 2006 explained for
the changing upward trend of the relationship between annual HWL and river discharge.
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1 Introduction grees in a region. According to the exacerbation of cli-

mate change and human activities, atmospheric circula-

The variability of flow in river channels has important
influence on the health of regional ecology and the de-
velopment of socioeconomic. However, the occurrence
of some extreme water regime such as extreme high
water level or extreme low water level in a river is eas-
ily to cause flood and drought events with varying de-
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tion and global hydrological cycle have been changed
gradually during the past century (IPCC, 2013). One of
the most potential consequences of global hydrological
changes is that floods and/or droughts may occur at
modified severity and frequency, causing considerable
socioeconomic loss and extensive degradation of the
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aquatic ecosystem (Shankman et al., 2006; Bond et al.,
2008; Li et al., 2013). Up to now, due to the frequent oc-
currence of floods and/or droughts within the context of
global change, studies focusing on the occurrence and
mechanism of world hydrological and meteorological ex-
tremes have become one of the most frontier scientific is-
sues (Easterling et al., 2000; Milly and Wetherald, 2002;
Alexander ef al., 2006; Coumou and Rahmstorf, 2012).

The Yangtze River Basin belongs to subtropical
monsoon climate, temporal and spatial distributions of
the rain zone are closely related to monsoon activities
and seasonal motion of subtropical highs (Jiang et al.,
2006). As a prominent example of hydrological modifi-
cations according to global climate change, the Yangtze
River, especially the middle-lower Yangtze River
(MLYR) is experiencing frequent floods and droughts in
recent decades. Most notably, the floods in the 1990s
were much more frequent and severe than that in any
other decades. Statistics indicate that the floods in the
summers of 1998, 1996, and 1995 were the three most
severe floods (in descending order) in the last five dec-
ades (Jiang and Shi, 2003). Since the last decade, re-
markable hydrological changes in the MLYR were the
frequent occurrences of seasonal hydrological droughts.
For example, extremely low water levels below or close
to the lowest historical water level were frequently ob-
served in 2006, 2007, 2009 and 2011 in the Poyang
Lake, the largest freshwater lake in China that con-
nected to the MLYR (Min and Zhan, 2012).

Because the Yangtze River Basin, as one of the fast-
est developing regions in China, plays a significant role
in the socioeconomic development of China, the fre-
quent occurrence of floods and droughts has caused
great concerns for local and the central governments
(Lai et al., 2016; Mao et al., 2016; Li et al., 2016).
These concerns have further elevated by the large water
conservancy projects that have been or will be built in
the upper reaches of the Yangtze River. For example,
the operation of the Three Gorges Dam (TGD) in the
Yangtze River since 2003 has altered the natural flow
dynamics downstream (Lai et al., 2014; Mei et al.,
2016; Yao et al., 2016). This regime change of down-
stream flow has significant impacts on fluvial processes,
such as downstream river bed degradation (Li et al.,
2009; Fang et al., 2012; Sun et al., 2012; Xu et al.,
2016). In addition, these changes may further affect
downstream large lake hydrological processes and the

wetland ecosystems (Zhang et al., 2012; Wang et al.,
2016). For this reason, a growing number of researchers
are now studying the variation in hydrological parame-
ters that reflect these human impacts in the region of
MLYR (Guo et al., 2012; Zhang et al., 2012; Zhang et
al., 2014; Lai et al., 2014; Li et al., 2015). However, to
date, few studies focused on the temporal and spatial
variability of the hydrological extremes in the MLYR
(Zhang et al., 2006). Moreover, questions regarding the
stationarity and change characteristics of the relation-
ship between river extreme water levels and the corre-
sponding discharges remain to be addressed. A better
understanding of these changes is essential for assessing
the impact of anthropogenic activities in this river sys-
tem and for local water resources management as well
as the natural hazards prevention. With this motivation,
this study was designed to achieve the following objec-
tives: 1) to analyze the change characteristics of annual
extreme water levels in the MLYR since the end of
1980s; 2) to examine the changing relationship between
annual extreme water levels and the corresponding river
discharges, and 3) to evaluate the possible affecting
factors to the above changes.

2 Materials and Methods

2.1 Study area

The Yangtze River is the largest river in China with a
length of 6300 km and the basin covers an area of
1.8 x 10° km”. The middle reach of the Yangtze River is
defined between Yichang and Hukou (the conjunction
of the Poyang Lake and Yangtze River), and down-river
from Hukou is defined as the lower reach of the river
(Fig. 1). In the middle reach of the Yangtze River,
Hankou station is the most crucial gauging station that
collects most of the inflows from the middle basin, such
as the Hanhe River and the Dongting Lake basins. Due
to the landward limit of the tidal river is located at Da-
tong during the flood season, the gauging station was
considered to be the outlet control station for the whole
Yangtze River Basin.

As the Yangtze River receives large number of tribu-
taries from the middle and downstream, river discharge
increased dramatically. As shown in Table 1, among the
three gauging stations, mean annual discharge at Yi-
chang is 13 225.91 m?s, which is about 59.5% of the
Hankou station and 46.7% of the Datong station.
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Fig. 1 Locations of the Yangtze River, the Three Gorges Dam (TGD) and hydrological and meteorological stations used in this study.
S1-4 represents the number of the cross-section in the middle-lower Yangtze River

Table 1 Information of three gauging stations and hydrological features from 1987 to 2011

Gauging station Location

Drainage area (10* km?)

Mean annual discharge (m?/s) Mean annual water level (m)

Yichang 30°42'N, 111°17'E 100.55
Hankou 30°35'N, 114°17'E 148.80
Datong 30°46'N, 117°37'E 170.54

13225.91 42.89
22204.04 19.12
28328.53 8.62

2.2 Data and processing

In this study, data are composed of four groups. The
first group includes daily discharge and water level of
the Yangtze River measured at the three major gauging
stations: Yichang, Hankou and Datong for the period
1987-2011. These hydrological data were quality con-
trolled at the office of the Hydrological Bureau of the
Yangtze River Water Resources Commission, China.
The second group includes the four representative river
cross-sections (S1, S2, S3, S4) located in the MLYR
(Fig. 1). Among the four cross-sections, data from S1,
S2 and S3 near Yichang, Shashi and Hankou, respec-
tively, were collected from Bulletin of China River
Sediment 2009 and 2010 which were surveyed intermit-
tently between 1998 and 2010 (available on http://www.
cjh.com.cn), while the data from cross-section S4 at
Nanjing between 2002 and 2006 were obtained from
published literatures (Dai and Liu, 2013). The third
group includes daily discharge and water level from
Three Gorges Dam (TGD) during 2003-2011, and the
data were collected from the web of China Three

Gorges Corporation (http://www.ctg.com.cn/inc/sqsk.
php). The fourth group of data includes monthly pre-
cipitation from 19 representative meteorological stations
that almost evenly distributed in the upper and middle
reaches of the Yangtze River (Fig. 1). The data were
downloaded from the web of China Meteorological
Administration (http://data.cma.cn/site/index.html), and
covered the period 1987-2011.

2.3 Methods

2.3.1 Trend test

The Mann-Kandell (MK) test (Kahya and Kalayci,
2004) is a rank-based non-parametric method which has
been widely applied for trend detecting
dro-climatic time series due to its robustness against the

in hy-

influence of abnormal data and especially its reliability
for biased variables (Chen et al., 2007; Zhang et al.,
2009; Ye et al., 2013, 2014; Zhang et al., 2014; Wei et
al., 2016; Yin et al., 2016). According to the method,
the null hypothesis of no trend is rejected if standardized
statistics |Z[>1.64 at 10% significance level and rejected
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if |Z|>1.96 at 5% significance level. In order to calculate
the change degree of the time series, Sen’s slop (Sen,
1968) of the hydrological variable was also calculated.
Details about the method can be referred to the above
mentioned literatures.

In addition, a combination of an ordinary linear re-
gression model in the form of y = a + bt is also used to
detect the long-term change trend. In this equation, a
and b are the regression coefficients with a represents
interception and b estimates the rate of change, ¢ is an
independent time variable, y is the dependent hydro-
logical variable of time series. The significance of the
linear trend is further estimated by ¢ test (Zhang et al.,
2006).

2.3.2 Mann-Whitney-Pettitt change point analysis
Mann-Whitney-Pettitt (MWP) change point analysis is
a non-parametric test method, which was first proposed
by Pettitt in 1979 (Pettitt, 1979). Due to clarity of
physical meaning and simple calculation of this
method, MWP test has been widely applied for change
point detecting in hydrological or meteorological time
series (Lin et al., 2008; Kundu et al., 2015). This
method can give not only the occurrence time of the
change point, but also the significance of the change
point.

2.3.3 Double mass analysis

Double mass analysis is a commonly used data analysis
approach for investigating the behavior of records made
of hydrological or meteorological data at a number of
locations (Searcy and Hardison, 1960). Initially, the
method was mainly applied in consistency examination
and verification of hydrological and meteorological
data, but it has been widely used in the investigation on
the effects of human activities (such as water and soil
conservation, reservoir construction and deforestation,
etc.) on precipitation, runoff and sediment transportation
in recent decades (Cluis, 1983; Zhang and Wen, 2002;
Mu et al., 2007; Ma et al., 2012). The framework of
double mass analysis in checking consistency of a hy-
drological or meteorological record is based on the hy-
pothesis that each item of the recorded data is consis-
tent. Commonly, when the compared variables are
highly correlated and have proportional relationship,
this method can give an accurate and useful result
(Kohler, 1949).

Generally, the slope change point can be easily visu-
ally identified from double mass curve, but the result

sometimes is subjectivity. In this study, in order to in-
vestigate the significance of the change point, the sig-
nificant difference of linear trends before and after the
change point is further examined by ¢ test.

3 Results and Analyses

3.1 Characteristics of annual extreme water levels
Because the presence of serial correlation may lead to
an erroneous rejection of the null hypothesis in trend
analysis by MK test (Yue and Pilon, 2003; Villarini et
al., 2009), autocorrelation analysis was made first for
annual highest water level (HWL) and annual lowest
water level (LWL) of the three hydro-stations, and no
significant serial correlation was found in the data. The
results of the MK test and the linear regression test are
summarized in Table 2. The variations of annual HWL,
LWL and the probabilities of change point by MWP
analysis are plotted in Fig. 2. For each station, the re-
sults are described as follows.

Fig. 2a depicts the variation of annual HWL and
LWL at Yichang station during the period 1987-2011.
Maximum value of HWL (54.27 m) was observed in
1998, and the minimum value of LWL (38.11 m) was
observed in 2003. Annual HWL shows a long-term de-
creasing trend, while annual LWL shows an increasing
trend. The change degrees of annual HWL and LWL
series are about —0.06 and 0.02 for £ in MK test and
—0.07 and 0.02 for b in the linear regression model (Ta-
ble 2). However, both the tests indicate that the change
trends of annual HWL and LWL are not significant at
0.1 level. The MWP analysis indicates that there is no
change point can be found for both annual HWL and
LWL series (Fig. 2b).

During the study period, the maximum value of an-
nual HWL (29.43 m) at Hankou station was observed in
1998, and the minimum value of annual LWL (12.20 m)
was observed in 1987. Similar to Yichang station, an-
nual HWL of Hankou station also shows a decreasing
trend, and annual LWL shows an increasing trend (Fig.
2¢). The change degrees of annual HWL and LWL se-
ries are about —0.10 and 0.03 for £ in MK test and —0.09
and 0.03 for b in the linear regression model (Table 2).
MK test indicates that the decreasing trend of HWL is
significant at the 0.1 level, but the increasing trend of
LWL is not significant. However, both change trends of
annual HWL and LWL are found to be significant at the
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0.1 level by the linear regression test (Table 2). Differ-
ent from Yichang station, annual HWL at Hankou sta-
tion shows a significant change point in 1999 by the
MWP analysis (Fig. 2d).

For Datong station, the maximum value of annual
HWL (16.30 m) was observed in 1998 and the minimum
value of LWL (3.58 m) was observed in 1987 during the
past 25 years. Annual HWL shows a decreasing trend,
and annual LWL shows an increasing trend (Fig. 2e).
The change degrees of annual HWL and LWL series are
about —0.09 and 0.01 for § in MK test and —0.09 and
0.02 for b in the linear regression model (Table 2). Both
the tests indicate that the decreasing trend of HWL is
significant at 0.05 level, but the increasing trend of
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LWL is not significant (Table 2). Same as the result of
Hankou station, MWP analysis indicates that annual
HWL at Datong station shows a significant change point
in 1999, and no change point can be found for annual
LWL (Fig. 2f).

In addition to the above analysis, one of the most no-
tably characteristics of LWL variations in Fig. 2 is that
the fluctuations of annual LWL series of all the three
gauging stations were much minimized since 2004,
which is much different from the large fluctuations be-
fore this year. However, same cases are not found for
the fluctuations of annual HWLs. Reasons for this may
be attributed to human regulations on river discharge
and discussed later.
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Fig. 2 Variations of annual highest water level (HWL) and lowest water level (LWL) and the probabilities of change point by
Mann-Whitney-Pettitt analysis for the three hydro-stations: (a, b) Yichang station, (c, d) Hankou station and (e, f) Datong station. The
horizontal dashed lines in the right graphs denote the 90% confidence interval
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Table 2 Results of trend analysis for extreme water levels at three gauging stations

Mean MK test Linear trend test
Station Item
(m) z g Sig. Trend T b Sig. Trend
HWL 51.62 -0.96 -0.06 - l -1.54 -0.07 - !
Yichang
LWL 38.74 1.78 0.02 - T 1.90 0.02 - T
HWL 26.20 -1.92 -0.10 * 1 -2.06 -0.09 * !
Hankou .
LWL 13.79 1.59 0.03 - 1 1.90 0.03 1
HWL 13.84 -2.03 -0.09 . 1 -2.64 -0.09 . !
Datong
LWL 4.32 1.47 0.01 - I 1.42 0.02 - T
Note: ‘HWL’ indicates highest water level; LWL’ indicates lowest water level; * denotes significance at 0.1 level; ** denotes significance at 0.05 level; “— de-

notes no significant trend. ‘|’ indicates a decreasing trend while ‘1’ indicates an increasing trend

3.2 Relationship between annual extreme water
level and river discharge

The change of river water level is the response of the
change of river discharge. According to Pearson corre-
lation analysis of annual HWLs, LWLs and their corre-
sponding river discharges of the three hydro-stations,
the result shows that the coefficients of all the stations
are larger than 0.82. Further test indicates that all these
linear relationships are significant at 0.01 level. In addi-
tion, the coefficients between annual HWLs and the
corresponding river discharges are commonly higher
than those between annual LWLs and corresponding
river discharges. The reason for this is that the relation-
ship between annual LWL and corresponding river dis-
charge is more easily to be affected by the shape of river
cross-section and river regulation.

With the context that annual HWLs, LWLs and their
corresponding river discharges of the three gauging sta-
tions have strong linear correlation, we can then use the
double mass analysis to test the potential change of
these relationships. It is seen from Fig. 3 that the double
mass curves of HWLs, LWLs and their corresponding
discharges of the three gauging stations show a break in
the slope of all the curves, and this break was occurred
in the year 2006. The two sections of the curve before
and after 2006 show a highly linear correlation (al-
though slight deviate of the scatters can be found some-
times), but the slope obviously changed in this year.
Further investigation from a ¢ test for the two lines of
the curve before and after 2006 indicates that the break
of linear trends in 2006 of all the double mass curves of
the three gauging stations is significant at the 0.01 level.
Generally, Fig. 3 shows that an upward trend in the an-
nual HWL in the double mass curve since 2006, while
downward trend in the annual LWL can be noted. This
result demonstrates that annual HWL has been raised

given the same river discharge at the three gauging sta-
tions in the past several years, while annual LWL has
been reduced. Furthermore, result from the Fig. 3 indi-
cates that the change degree of annual LWL after 2006
is bigger than HWL of each gauging station seems to be
diminished downstream the river.

4 Discussion

4.1
The Yangtze River Basin is located in the subtropical
zone. Variations of river discharge and water level are

Impacts of precipitation

mainly controlled by local precipitation conditions
(Feng et al., 2013). According to long term observa-
tions, annual highest river water level (or the maximum
river discharge) and annual lowest river water level (or
the minimum river discharge) mainly appeared in
July/August and January/February, respectively. How-
ever, according to cross correlation analysis, river dis-
charge in MLYR shows one month lag in response to
precipitation of the upper and middle reaches of the
Yangtze River Basin. Fig. 4 shows the precipitation of
January—February and June—July in the upper and the
middle reaches of the Yangtze River Basin. From which
it is seen that precipitation of January—February and
June—July in both the upper and the middle reaches of
the Yangtze River Basin shows a decreasing trend. The
decreasing trend of precipitation in June—July is consis-
tent with the long-term decreasing trend of annual HWL
in the middle and lower reaches of the Yangtze River. In
addition, the obvious increasing trend of June—July pre-
cipitation followed by a decreasing trend before and
after the end of 1990s (Fig. 4b), to a large extent, well
explains the step change of HWL at Hankou and Datong
in 1999. Previous studies indicated that the increased an-
nual precipitation especially the wet season precipitation
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Fig. 3 Double mass analysis of HWLs, LWLs and corresponding river discharges of the three gauging stations: (a, b) Yichang station,

(c, d) Hankou station and (e, f) Datong station

in the Yangtze River Basin in the 1990s was caused by
the southward shift of the major rain bands in eastern
China (Hu and Feng, 2001). Similarly, with the coming
of drought episode in Yangtze River Basin in the 2000s,

wet season precipitation decreased significantly, and so
did the river discharge and water level.

However, the decreasing trend of precipitation in
January—February (Fig. 4) can not explain the increasing
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Fig. 4 Precipitation of January—February and June—July in the upper (a) and the middle reaches (b) of the Yangtze River Basin

trend of the annual LWL in recent years. Especially, the
minimized fluctuation and slight increase of annual
LWL of the three gauging stations in the last several
years were much different from the remarkable decrease
of January—February precipitation in the upper and mid-
dle reaches of Yangtze River Basin. This result may
suggest an obvious regulation effect of water conser-
vancy project in the Yangtze River.

4.2 Potential linkage with the TGD

The TGD is located approximately 45 km upstream of
the Yichang gauging station (Fig. 1b). The development
of the TGD proceeded through four stages: the coffer
dam stage (2003), the initial stage (2006), the pilot stage
(2008) and the normal operation stage (2010) (http://
www.ctgpc.com.cn/en/). Since 2010, the monthly water
level of the reservoir has been regulated following the
normal water impounding and releasing rules of the
dam.

Flood control during the wet season and increasing
discharge during the dry season to ensure adequate
navigation conditions are the two basic functions of the
TGD. Fig. 5 shows the water level variations of the res-
ervoir and corresponding regulation of river discharges
since the operation of TGD. Under the normal water stor-
age condition, volume of reservoir after the operation of
TGD is about 3.93 x 10 m’, of which 1.65 x 10 m’ is
considered to be a regulating storage volume. Therefore,
there is no doubt that the TGD plays an important role
on reducing extreme flood peaks and raising extreme
low water levels in the MLYR. According to the oper-
ating mode, the TGD makes three major changes in the
river discharge pattern over an annual cycle: an obvious
increase in January—March, May— early June and a de-
crease in September—October. Due to the huge flood
storage function, the TGD may play an important pro-

motion on the decreasing trend of annual HWL during
the study period. However, in consideration of the
variation of regional precipitation and the start of TGD
operation, there is no strong linkage can be observed
between the change characteristics of annual HWL in
MLYR and the effect from this great water conservancy
project.

Affected by the TGD regulation during the dry sea-
son, the fluctuation of annual LWL since 2004 dimin-
ished a lot. Furthermore, due to the rising water level of
the reservoir and the encounter of frequent seasonal hy-
drological droughts in the MLYR since 2003 character-
ized by extremely low water levels in some large lakes,
the TGD increased its water releasing in recent years.
Compared to its prior state, statistical result indicates
that the TGD makes an average increase of water dis-
charge of 1437.93m’/s in December—February during
the period 2003-2011. With regard to the long term de-
creasing regional precipitation, it can be concluded that
the inconsistent increasing trend of annual LWL series
as compared with precipitation in the same period was
mainly caused by the increased release of TGD during
dry season in recent several years.

Result from the double mass analysis indicates that
annual LWL has been reduced given the same river
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discharge at the three gauging stations since 2006; rea-
sons for this should be attributed to the change of mor-
phology of riverbed section since the operation of TGD.
Previous studies have pointed out a serious riverbed
erosion and corresponding declining water level in the
MLYR since the operation of TGD (e.g., Zhang et al.,
2010; Chen et al., 2011), although deposition may also
exist at some river sections (e.g., Fang et al., 2012). Fig.
6 displays the changes at four selected cross-sections
(S1-4) near the reference gauging stations. It is visible
from the figure that serious down cutting of the riverbed
and enlargement of the cross-section area have occurred
at the four cross-sections. However, with the down cut-
ting of the riverbed, all the riverbanks are basically sta-
ble. Statistical result indicates that the thalweg depths
between Yichang and Shashi lowered significantly after
the initial impoundment of TGD in 2003. The deepest
down cutting could reach —12 m, and the average down
cutting was —2.5 m (Dai and Liu, 2013). Riverbed ero-
sion was obviously weakened since 2006 (see S1, S3 in
Figs. 6a, c¢). Dai and Liu (2013) revealed that suspended
sediment discharge and suspended sediment content in
MLYR have been reduced significantly since TGD op-
eration in 2003 and reach the minimum in 2006. In ad-
dition, Fig. 6 also reveals that the enlargement of the
cross-sectional area was mainly restricted in the lower
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part of the river section, such as <40 m in S1 (Fig. 6a),
<15 min S3 (Fig. 6¢) and < 5 m in S4 (Fig. 6d). These
elevation limited areas are just comparable with the av-
eraged annual LWL of the gauging stations (for exam-
ple, the averaged annual LWL is 38.74 m at Yichang,
13.79 m at Hankou, and 4.32 m at Datong). It is known
that under the conditions of small river discharge,
changes of river cross-sections (such as riverbed ero-
sion) will have relatively big influence on water level
variations. Therefore, due to the serious down cutting of
the riverbed and the enlargement of the cross-section
area, it is easy to understand why significant downward
trend appeared in the double mass curve of the annual
LWL and its corresponding discharge of the three
gauging stations.

Generally, serious down cutting of the riverbed and
the enlargement of cross-sectional area may also have
the same effect on annual HWL as that on the change of
the relationship between annual LWL and its corre-
sponding discharges, even though the relative changes
of river section area are not that obvious at high water
levels. However, our observation rejects this hypothesis.
Actually, things are not that simple. According to the
principle of river flood wave movement, the curve of
relationship between water level and river discharge
during a flood event is like a loop (Huang, 2009). The
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Fig. 6 Changes of cross-sections at four locations in the middle-lower Yangtze River
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lower and upper parts of the loop may represent the
raising and recession stages of a flood event. The devia-
tion of the relationship is not only affected by the veloc-
ity of catchment flood routing, but also affected by ini-
tial stable water level of the river (Huang, 2009). Since
the operation of TGD, river discharge has been in-
creased from April to early June, the months before the
flood season is coming, for the purpose of increasing the
reservoir’s storage for flood mitigation generated by
heavy upstream summer rainfall. It is hypothesized that
the increased discharge may raise the river water level
in MLYR, especially in May, and this has been proved
by previous studies (e.g., Guo et al., 2012; Zhang et al.,
2012; Lai et al., 2014). On this basis, the raised initial
stable river water level before the flood season will
definitely cause a relatively increased water level given
the same river discharge during the flood season. In
other words, the changed annual pattern of flow regime
due to the regulation of TGD is the main reason for the
relative raising of annual HWL for the same river dis-
charge, with comparison to the case of no TGD effect.
In addition, due to water recharge of many tributaries
downstream TGD, the effect of TGD regulation on
mainstream gradually weakened (Guo ef al., 2012), and
therefore the change degree of the correlation between
annual extreme water levels and river discharges dimin-
ished downstream the river.

5 Conclusions

The current study analyzed the change characteristics of
annual extreme water levels and correlation with river
discharges in the middle-lower Yangtze River, and in-
vestigated the possible affecting factors. During the
study period of 1987-2011, annual HWLs of the three
gauging stations in MLYR were found to show a de-
creasing trend, while annual LWLs show an increasing
trend. A major change point in 1999 was identified for
annual HWL at Hankou and Datong stations, and the
year 2006 was observed to be the critical year that the
relationship between annual extreme water levels and
river discharges changed in the MLYR. The changed
characteristics of annual HWL in MLYR were highly
consistent with regional precipitation in the upper and
middle reaches of Yangtze River Basin, while the link-
age with TGD operation is not strong. However, the
TGD regulation has altered the long-term change trend

of annual LWL in MLYR, especially since 2004, by
increasing discharge during the dry season in recent
years. The major driving factors for the changing rela-
tionship between annual extreme water levels (HWL
and LWL) and river discharges are different. The effect
of serious down cutting of the riverbed and the enlarge-
ment of the cross-section area during the initial period
of TGD operation should be responsible for the down-
ward trend of the relationship between annual LWL and
corresponding river discharge. Whereas, the enlarged
regulation function and the relatively raised river water
level before the flood season according to the second
phase of water impoundment of TGD since 2006 would
be an important promotion for the changing upward
trend of the relationship between annual HWL and cor-
respondding river discharge.

The study also raises concerns that are relevant to
hydrological extremes in those large river basins under
global changes. Apart from the climate changes, human
activities, especially large water conservancy project
will exert significant impacts on temporal and spatial
variability of streamflow regime, fluvial processes and
consequently will influence hydrological extremes. Be-
cause TGD increases river discharge in the dry season to
ensure adequate navigation conditions, historically ex-
treme low water or discharge in the MLYR will no
longer appear. However, the changing upward trend of
the relationship between annual HWL and river dis-
charge may increase the regional risk of flood disasters
downstream under certain conditions. Furthermore, as
affected by global climate change, the uneven distribu-
tion of regional precipitation in the Yangtze River Basin
may be aggravated. Therefore, an integrated research
strategy to address the regional climate change and op-
eration of TGD is essential for the mitigation and pre-
vention against the risk of hydrological disasters in the
MLYR.
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