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Abstract: The water level of Dongting Lake has changed because of the combined impact of climatic
change and anthropogenic activities. A study of the long-term statistical properties of water level
variations at Chenglingji station will help with the management of water resources in Dongting Lake.
In this case, 54 years of water level data for Dongting Lake were analyzed with the non-parametric
Mann-Kendall trend test, Sen’s slope test, and the Pettitt test. The results showed the following:
(1) Trends in annual maximum lake water level (WLM), annual mean lake water level (WL), and
annual minimum lake water level (WLm) increased from 1961 to 2014; however, the three variables
showed different trends from 1981 to 2014; (2) The annual change trends in Dongting Lake between
19612014 and 1981-2014 were found to be from approximately 0.90 cm/year to —2.27 cm/year,
1.65 cm/year to —0.79 cm/year, and 4.58 cm/year to 2.56 cm/year for WLM, WL, and WLm,
respectively; (3) A greater degree of increase in water level during the dry season (November—April)
was found from 2003 to 2014 than from 1981 to 2002, but a smaller degree of increase, even to the point
of decreasing, was found during the wet season (May—October); (4) The measured discharge data
and numerical modeling results showed the operation of Three Gorge Reservoir (TGR) pushed to
influence partly the recent inter-annual variation of water level in Dongting Lake region, especially in
the flood and dry seasons. The analysis indicated that the water level of Dongting Lake has changed
in the long term with decreasing of range between WLM and WLm, and may decrease the probability
of future drought and flood events. These results can provide useful information for the management
of Dongting Lake.

Keywords: Dongting Lake; Mann—Kendall trend test; Pettitt test; water level; Three Gorge Reservoir

1. Introduction

Lakes provide valuable economic resources for human beings and play an important role in
environmental and ecosystem services, such as hydrological cycles, the regulation of runoff, and
maintenance for abundant biodiversity [1-4]. However, because of the combined impact of climatic
change and anthropogenic activities, many lakes around the world are changing [5-8]. Climate
warming and anthropogenic activities (e.g., overexploitation, dams and diversions) will adversely
affect water quality and quantity. In some regions, wetlands area will decrease or disappear and water
tables will decline. Habitats for wetland species will be changed in some lakes [5-8]. These changes
may affect the availability of fresh water and regional eco-environments, thus having a critical influence
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on regional sustainable development. Lakes may display different responses to external impacts and
have different influences on their littoral zones and habitats [9-11]. In temperate zone lakes with
enough rainfall, these changes may increase ground water input, surface water flux, and cause water
storage-flooding during wet seasons that may decrease or eliminate the most emergent species and
submerged plant cover and affect both the abundance and species diversity [9,12]. Changes in the lakes
in semi-arid and arid climate zone may lead to buried underwater salt exposure, salinization, a large
expansion of the littoral zone [9], desertification, and the reestablishment of dominant vegetation
during the dry season, all of which will influence the abundance, biomass and community structure of
organisms [9,12,13]. As a consequence of climatic change and anthropogenic activities during the past
50 years, Dongting Lake, the second largest freshwater lake in China, has changed in the hydrological
regimes (e.g., wetland area and water table) [14-16], associated lake patterns [17], the habitats for
important species [18], etc. Some of these changes resulted in many environmental and ecological
problems, such as a decline of biodiversity and decline/extinction of some species [15,16,19]. Therefore,
the first step is to determine the current hydrologic status and trends in Dongting Lake. Water level,
a sensitive marker of change, is an important driving factor for lakes, affecting the lake’s physical
environment, biota and ecosystem [9,12,20]. The duration, timing, magnitude, rate, and frequency of
these changes influence the ecological processes and patterns of lakes [21-24]. Any significant change
to the water level in a lake will affect its physical processes and biological productivity [20]. However,
it needs to be stressed that changes in water levels follow natural patterns that are necessary for the
survival of many species [3,25-27]. Only extreme or untimely floods and droughts have adverse effects
for biota and humans [28]. Thus, determining and understanding long-term changes in water levels
are necessary to protect and restore lakes’ ecological services. A significant challenge in this field is
existed because of limited of measured data, multiple scales of the object variables, uncertainty of
impacted factors, etc.

Numerous studies of the spatial and temporal changes in lake water level around the world have
been conducted. Yin et al. [29] used annual maximum water level data to explore the changes in
water levels in Hongze lake. Pasquini et al. [30] selected the mean, maximum, and minimum monthly
water levels to analyze the fluctuation of water level in proglacial lakes in Patagonia. Motiee and
McBean [31] analyzed the change trend in water levels at Lake Superior and tested the slope magnitude
using the water balance model. Haghighi and Kleve [32] used the area-volume-depth curve and the
water balance model to test the change in water level for lakes. Li et al. [33] selected the daily mean,
upper and lower quartiles, and maximum and minimum water levels from June to September for
a statistical analysis of intra-annual flood distributions in Poyang Lake. Using the water level and
rainfall data during the period of 1961-2010, the analysis by Yuan et al. [34] showed the water level at
Dongting Lake decreased significantly during the period of 1961-1980 and there were longer duration
in dry season where the water level was below 24 m during 2003-2010. Compared other sub-periods
1961-1980 and 1981-2002, dam construction was regard as the main factor for the period of 2003-2010.
The Three Gorge Reservoir (TGR) started to operate according to 145-175 m scheme after 2009, which
brought larger alteration than the 135-156 m scheme before. Therefore, a longer series of measured
data are required. Moreover, the quantitative evaluation on the water level variation in Dongting Lake
region driven by TGR and other dams may require measured water level, inflow and outflow data at
Dongting Lake boundaries, and hydrologic modeling to analyze this kind of problem.

Here we selected seventeen hydrological variables that would reveal statistical characteristics of
water level regimes to detect temporal trends in terms of frequency, timing, duration, magnitude, and
rate in Dongting Lake over a 54-year period. This article provides an overall view of the long-term
changes and sub-period changes in water level regimes through the investigation of the differences
in variables in Dongting Lake from 1961 to 2014. The main objectives of this study are: (1) to reveal
the long-term trends in water level; (2) to determine the possible change point in the long-term
water level data; (3) to estimate the changes in sub-periods; and (4) to perform qualitative and
quantitative evaluation the water level variation at Dongting Lake driven by TGR and GZB using the
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measured inflow and outflow discharge data from 2003 to 2014 and two scenarios simulated by our
numerical model.

2. Materials and Methods

2.1. Study Area and Data

Dongting Lake (Figure 1) is located in a basin on the alluvial plain of the Yangtze
(110°40'-113°10" E, 28°30’-30°20" N) [34]. It is fed by four tributaries (Xiang, Zi, Yuan, and Li) and by
the Yangtze River’s three outlets (Songzi, Hudu, and Ouchi) on the south bank of the Jingjiang reach,
and its outflow returns into the Yangtze River from Chenglingji (the sole outlet of the Dongting Lake).
Dongting Lake consists of three sub-lakes (east, south, and west), all those sub-lakes include permanent
water areas and larger periodically-inundated area. During the wet season, Dongting Lake expands to
a large water surface and during the dry season, the periodically-inundated area become lake bottom
land. The lake usually reaches its maximum water level in the flood season from June to September
and reduces to its yearly minimum surface starting in October. It is located in the subtropical monsoon
climate zone and has ample sunshine and abundant rainfall. The annual mean temperature of the
lake water is about 16.4-17.0 degrees. Annual total rainfall is about 1200-1400 mm [18]. The wet
season is from May to October and dry season is from November to April. The mean annual runoff
volume is approximately 3.13 x 10!! m3 [17], 37% and 55% of the inlet comes from three outlets and
from four rivers, respectively [35]. Together with Poyang lake, it is one of two large lakes still linked
with the Yangtze River. Dongting Lake is also an important international wetland, with a capacity of
more than 1.7 x 10 m? [36]. The wetland helps regulate flooding in the Yangtze River as well as the
local climate and serves as a water source for industry, agriculture, domestic use and entertainment.
The inflows and the water level at the outlet have an important impact on the evolution of the lake.
Because Chenglingji station is located at the confluence of the Yangtze and the outlet of Dongting Lake
(see Figure 1) and the small longitudinal slopes of the lake’s bathymetry and water level, water level
changes at Chenglingji station can reflect changes in all of Dongting Lake’s water level, although the
intense unsteady flow states in the four tributaries and the hybrid river networks linked to Jinjiang
may briefly cause some temporary changes along the thalweg of Dongting Lake. Therefore, for this
study, we selected daily water level data at the Chenglingji station from 1961 to 2014, as measured by
Changjiang Water Resources Commission.

2.2. Methodology

In this study, we selected non-parametric methods to detect and confirm trends with confidence,
namely the Mann-Kendall (MK) [37,38] test. In addition, we applied the Pettitt test [39] to locate the
start of a trend and Sen’s slope test [40—42] to estimate the slope magnitude when a linear trend was
present in a time series. All tests were conducted in R i386 3.2.1 [43].

MK test: The MK test has been widely used to test stationary statistics against trend statistics
in hydrology and climatology [44]. The MK trend test is begun by computing the statistic S using
Equation (1)

n—1 n
S = Z Z sgn(x;—x;) (1)
i=1 j=i+1

where 7 is the number of data; x; and x; are the jth and the ith observation, respectively; and sgn (.) is
the sign function, which can be calculated by the following Equation (2):

1 Xj—Xj >0
sgn(x; — x;) = 0 xj—x;=0 )
-1 xj—x <0
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Figure 1. Diagram of the river-lake system in the Dongting Lake. Note: (1) F1, Shimen station at Lishui
River; F2, Taoyuan station at Yuanjiang River; F3, Taojiang station at Zishui River; F4, Xiangtan station
at Xiangjiang River. Inflow from Four rivers is equal to summarization of F1-F4; (2) T1, Xinjiangkou
station at west Songzi River; T2, Shadaoguan station at east Songzi River; T3, Mituosi station at
Hudu River; T4, Guanjiapu station at west Ouchi River; T5, Kangjiagang station at east Ouchi River.
The inflow from three outlets of Jingjiang is equal to summarization inflow of T1-T5; (3) West, South,
and East in Dongting Lake region mean West, South, and East Dongting Lakes.

The statistic S is approximately normally distributed when #n > 10. The mean of S is zero and the
variance can be calculated by the following Equation (3) [33]:

n(n—1)2n+5)— 3" ti(t; —1)(2t; +5)
i=1

Var(S) = 3

18
where m is the number of tied groups, each with ¢; tied observations. A set of data that has the same
value is a tied group. The test statistic Z can be calculated by the following Equation (4):

=l §5>0
Var(S)
Z = 0 S= @)
S+1
Var(S) 5<0

Thus, in a two-sided trends test, the null hypothesis should be accepted if at the level of
significance (). The positive value of Z indicates an upward trend, and the negative value of Z
indicates a downward trend. The absolute of critical value at « 0.10, 0.05, and 0.01 significance levels
of the trend test are 1.64, 1.96, and 2.58, respectively.
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The MK trend test requires the data series are independent and the presence of autocorrelation
would affect the effectiveness of this method. Here we used the “pre-whitened” method [45—47] to
eliminate the autocorrelation in data series and then the MK trend test is carried out based on the
“pre-whitened” time series.

Pettitt test: The Pettitt test [39] is designed to detect the changing point by testing the change in
the mean in the time series, using the statistic #; y from the Mann-Whitney test to test two samples
from the same sample. The statistic u; y can be calculated by the following Equation (5):

UjN = UjN-1 + ngn(xj - Xi)j =23 ...N (5)

where 1y and u; 51 are the U-Statistics at the time of N and N—1, respectively; and sgn (.) is the
sign function, which can be calculated using Equation (2).
The statistic kj/N can be calculated using Equation (6):

kjn = max ]U]-,N| 1<j<N (6)

The statistic p can be calculated using Equation (7):

~ Dex (Lk]N) @)
P="oPiNss N2
Usually, approximate probability is good for p < 0.05 [48]. Pettitt test is used to detect the
changing point, and then the original sequence can be divided into two sub-sequences. For the two
sub-sequences, we can use the test to detect both the changing point and the multi-level changing point.
Sen’s slope test: The magnitude of the trend slope is computed using the approach developed by
Theil [42] and Sen [40]. First, a set of linear trend slopes is calculated for (1 < i <j <), as follows
(Equation (8)):

X i~ X
j—i
where 3, (1< k< M) is the slope; and [ is the number of data. 3; is ranked from smallest to largest and

the Sen’s slope estimator is calculated using Equation (9):

Pr = (8)

BM M is odd

2
p= Bm+B M2 ) ©)
—+2—5—2-Mis even

where (3 is the Sen’s slope.

2.3. Determining the Hydrological Variables

For this study, we chose seventeen hydrological variables to describe long-term changes in the
water level of the Dongting Lake: Annual maximum lake water level (WLM); Annual mean lake
water level (WL); Annual minimum lake water level (WLm); Range between maximum and minimum
water level (RA); Coefficient of variation (Cv); and Mean monthly lake water levels in January (JAN),
February (FEB), March (MAR), April (APR), May (MAY), June (JUN), July (JUL), August (AUG),
September (SEP), October (OCT), November (NOV), and December (DEC). Cv is used to measure the
dispersion of a data series around its mean and to measure the inter-annual variability of the annual
mean water level. The seventeen hydrological variables and their measurement units are shown
in Table 1.
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Table 1. The hydrological variables abbreviations and their measurement units used in this manuscript.

Number Variable Definition Unit
1 WLM Annual maximum lake water level m
2 WL Annual mean lake water level m
3 WLm Annual minimum lake water level m
4 RA Range between maximum and minimum water level m
5 Cv Coefficient of variation %
6 JAN Monthly lake water level in January m
7 FEB Monthly lake water level in February m
8 MAR Monthly lake water level in March m
9 APR Monthly lake water level in April m

10 MAY Monthly lake water level in May m
11 JUN Monthly lake water level in June m
12 JUL Monthly lake water level in July m
13 AUG Monthly lake water level in August m
14 SEP Monthly lake water level in September m
15 OCT Monthly lake water level in October m
16 NOV Monthly lake water level in November m
17 DEC Monthly lake water level in December m

3. Results of Water Level Variation at Dongting Lake

3.1. The Results of Lake Water Level from 1961 to 2014

We gained an overall view of long-term changes in the water level by investigating the differences
in yearly time scale variables in Dongting Lake from 1961 to 2014. We analyzed the trends of WLM,
WL, and WLm using the MK trend detection technique and estimated their slope magnitude in three
time series using Sen’s slope test. Figure 2 demonstrates the three time series of WLM, WL, and WLm.
The three time series showed an increasing trend. The respective variations in significant trends of the
lake water level regime using slope values, which were calculated by Sen’s slope method, are shown
in Table 2. The MK test showed a significant increasing trend in WL and WLm on an annual time scale,
with a confidence level of 95%. The increasing trend of WLM is not significant (z = 0.6). Although
Figure 2 reveals changes in the three time series and it is noted that the changes in WLm suggest a
greater degree of increase compared to the WLM and WL. Table 2 shows the increasing trend line
slope was 0.90 cm/year, 1.65 cm/year, and 4.58 cm/year for WLM, WL, and WLm, respectively.

Figure 2. Trends for WLM, WL, and WLm from 1961 to 2014 (note: the black dotted line denotes the
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Table 2. Mann—Kendall statistics and trend slopes of the lake water levels (1961-2014).

Variable Z (MK Test) Sen’s Slope (cm/year)

WL 21 % 1.65

WLM 0.6 0.90

WLm 25 % 4.58
RA -23% —-0.37
Cv —35%

JAN 41% 3.53
FEB 35 % 3.07

MAR 29 % 4.29
APR 1.6

MAY 0.6

JUN 21%* 2.68
JUL 0.8

AUG 1.3

SEP -0.1

OCT -1.7

NOV —-1.4

DEC 1.5

Note: Numbers with * are significant at >95% confidence level. Positive values indicate increasing trends,
and negative values indicate decreasing trends.

Significant positive trends (confidence level > 95%) were identified in water levels for January,
February, March, and June; a negative trend (confidence level > 95%) was identified in October;
negligible negative trends were observed in September and November; and the remaining months
demonstrated positive trends without significance (Table 2). Table 2 also shows the slope magnitude
of monthly water levels, illustrating similar change properties in water levels when compared with the
results of the MK trend test.

Figure 3 and Table 2 show the result of the time series for RA and Cv from 1961 to 2014. There is a
significant decreasing trend (confidence level > 95%) in the two time series that describes the dispersion
of annual water level data.

Water level (m)
10 12 14 16

T T T T T T
1960 1970 1980 1990 2000 2010

Time (Year)

Cv

18

%
14
|

10

I I T I T T
1960 1970 1980 1990 2000 2010

Time (Year)

Figure 3. The changes in hydrological variables (RA and Cv) from 1961 to 2014 (note: the black dotted
line denotes the linear trend of hydrological variables).
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In this study, abrupt behaviors in water level variables were investigated using Pettitt-test
techniques. From 1961 to 2014, the change points were in 1987 (p = 0.79), 1979 (p « 0.05), and
1980 (p « 0.05) for WLM, WL, and WLm, respectively. The approximate probability for the change
point for WLM in 1987 is not significant, but the approximate probability for the change points for
WL and WLm in 1979 and 1980, respectively, are significant. When we compare the change points
according to the Pettitt test and the real situation concerning the construction of the Gezhouba project,
which is located on the upper reach of Dongting Lake and may have had some impact on water levels
at the Chenglingji station (see Figure 1), we determined that the change point was in the year 1980.

3.2. The Results of Lake Water Levels from 1981 to 2014

Figure 4 and Table 3 illustrate the trends in water levels from 1981 to 2014. Table 3 shows a
significant increasing trend annually in WLm according to the MK test. The confidence level was
95%. The decreasing trends of WL and WLM were not significant (z values are —1.0 and —0.7).
Table 3 shows a trend line slope of —2.27 cm/year, —0.79 cm/year, and 2.56 cm/year for WLM, WL,
and WLm, respectively.
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Figure 4. Trends for WLM, WL, and WLm from 1981 to 2014 (note: the black dotted line denotes the
linear trend in water level).

Significant positive trends (confidence level > 90%) can be identified in water levels for January
and May; significant negative trends (confidence level > 90%) can be identified in water levels for
October and November; a negligible negative trend was observed in April, July, September, and
December; and the remaining months demonstrated positive trends without significance (Table 3).
Table 3 also shows the slope magnitude of monthly water levels, illustrating similar change properties
in water levels when compared with the results of the MK trend test.

Figure 5 and Table 3 show the result of the time series for RA and Cv from 1981 to 2014. There was
anegligible decreasing trend in the two variables for the time series describing the dispersion of annual
water level data.
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Table 3. Mann—-Kendall statistics and trend slopes of lake water levels (1981-2014).

Variable Z (MK Test) Sen’s Slope (cm/year)

WL -1.0 —0.79
WLM -0.7 —2.27
WLm 26 % 2.56

RA -1.3

SD -0.7

Cv —0.6

HR -1.5
JAN 23 % 2.62

FEB 0.8
MAR 0.3
APR —-09
MAY 1.7
JUN 0.8
JUL —0.5
AUG 0.0
SEP —0.9
OCT -38% -9.39
NOV -1.8
DEC —-0.7

Note: Numbers with * are significant at >95% confidence level (positive values indicate increasing trends,
and negative values indicate decreasing trends).

10 12 14 18

Water level (m)

1980 1985 1990 1995 2000 2005 2010 2015

Time (Year)

Cv

%

T T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

Time (Year)

Figure 5. The changes in hydrological variables (RA and Cv) from 1981 to 2014 (note: the black dotted
line denotes the linear trend of hydrological variables).

From 1981 to 2014, the change points are in 2003 (p = 0.31), 2005 (p = 0.39), and 1999 (p = 0.04)
for WLM, WL, and WLm, respectively. The approximate probability for the change point for WLM
and WL in 2003 and 2005 are not significant, but the approximate probability for the change points for
WLm in 1999 is significant. The approximate probability of the change point was in 1999.

3.3. Comparisons of Water Levels between Three Time Periods

The variable changes from 1961 to 2014 and 1981 to 2014 require further study of sub-periodic
changes in water level. Considering the change points discovered using the Pettitt test, we divided the
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time series into three sub-periods: 1961-1980, 1981-1999, and 2000-2012. Considering the operation
of Three Gorges Reservoir (TGR), the time series are divided the time series into three different
sub-periods: 1961-1980, 1981-2002, and 2003-2014.

After the normal distribution test and homogeneity test of variance using Shapiro-Wilk [49] and
Bartlett test [50], respectively, analysis of variance (ANOVA) [51-53] was performed to investigate the
variations of the water level. Table 4 shows that no significant differences in mean water level among
three sub-periods divided by the change points discovered using the Pettitt test and the operation of
TGR, but there were some differences in mean water level among different months.

Table 4. ANOVA results for the mean values of water level.

Parameters  Element Sum of Squares  df Mean Square F p Value
1 Months 346.08 11 31.46 9.71 418 x 107°
Sub-periods 0.61 2 0.31 0.09 091
» Months 349.04 11 31.73 9.66 436 x 10~°
Sub-periods 0.75 2 0.38 0.11 0.89

Notes: 1 is the three sub-periods divided by the operation of TGR (1961-1980, 19812002, and 2003-2014);
2 is the three sub-periods divided by the change points discovered using the Pettitt test (1961-1980, 1981-1999,
and 2000-2014).

Figure 6 shows the comparison between the three sub-periods. To calculate the water level
variations quantitatively between the three sub-periods, we first calculated the annual WLM, WL,
WLm, and the monthly average water level for the three sub-periods. Then, we compared the first
sub-period (1961-1980) with relative differences from the subsequent two sub-periods. The results are
shown in Table 5. Clearly, WL and WLm increased in the last two sub-periods but WLM increased over
the period 2000-2014 and decreased over the period 2003-2014. However, for the sub-periods obtained
via the Pettitt test, the mean monthly water level from 1981 to 2002 increased except for May (decreased)
and October (not changed), and the water level from 2003 to 2014 increased except for May (decreased)
and September-November (decreased). For the sub-periods obtained via the operation of TGR, the
mean monthly water level from 1981 to 1999 increased except for May (decreased), and the water level
from 2000 to 2014 increased except for May (not changed) and September-November (decreased).
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Figure 6. Inter-annual variations in water level during the three sub-periods.
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Table 5. The mean water level for all sub-periods and percentage changes from the first sub-period to
the two subsequent sub-periods.

1961-1980 1981-2002 2003-2014 1981-1999 2000-2014
Mean (m) Mean (m) % Mean (m) % Mean (m) % Mean (m) %
WLM 31.72 32.76 3.29 31.66 -0.19 32.85 3.56 31.77 0.16
WL 24.44 25.32 3.58 2491 1.91 25.30 3.52 25.02 2.37
WLm 18.45 19.81 7.38 20.28 9.92 19.73 6.94 20.29 9.97
JAN 19.34 20.75 7.29 21.18 9.52 20.73 7.16 21.13 9.26
FEB 19.23 20.90 8.68 21.21 10.30 20.89 8.66 21.15 10.00
MAR 20.22 22.06 9.10 22.46 11.08 21.98 8.69 22.48 11.20
APR 22.87 24.07 5.25 23.60 3.18 24.10 5.37 23.65 3.42
MAY 26.23 25.88 -1.33 26.13 —0.36 25.76 -1.79 26.23 0.00
JUN 27.14 27.94 2.95 28.09 3.48 27.84 2.58 28.19 3.85
JUL 29.77 30.85 3.63 29.84 0.23 30.97 4.03 29.89 041
AUG 28.59 29.70 3.88 29.02 1.51 29.77 413 29.06 1.66
SEP 28.24 28.83 2.09 27.99 —0.88 28.87 223 28.11 —0.45
OCT 26.87 26.87 0.00 24.80 —7.69 26.90 0.12 25.18 —6.30
NOV 23.90 24.19 1.21 23.22 —-2.84 24.08 0.76 23.55 —1.48
DEC 20.93 21.78 4.06 21.40 2.23 21.71 3.71 21.56 3.00

4. Impacted Factors Analysis for the Water Level Variations

4.1. Impacted Factors Identification and Analysis for the Inter-Annual Variations of Water Level

The water level in Dongting Lake may be mainly controlled by the water level at Chenglingji
station and inflows from four branched rivers and three outlets around Dongting Lake. Due to the
backwater effect, the water level at Chenglingji station may partly impacted by the flow discharge and
water level at Luoshan station in the Yangtze main stem, which is about 30 km downstream to the
Chenglingji station (see Figure 1). Based on the qualitative analysis above, the daily measured inflow
discharge and water level at 12 hydrological stations around Dongting Lake at the period of 1961-2014
are collected and processed to identify and analyze the key driving factors for the water level variation.
By comparison with inter-annual variations of flow discharge at three sub-periods, the following
observations can be made: (1) In flood season from June to September, there are obvious declines in
flow discharge at Yichang and Luoshan stations in Yangtze main stem (Figure 7a,b). There is also
obvious reduction in the total inflows (Figure 7c), in which, generally reduction from four branched
rivers (Figure 7d) and seriously decline of the inflow from three outlets (Figure 7e) during the period
2003-2014 (black line in the Figure 7). The inflow decline from three outlets may attribute to the
inflow reduction to the TGR, operation function of TGR and TGR-induced variation in the river-lake
relationship, which is occupied 68.9%, 13.9% and 17.2%, respectively [54]. Compared to the other
sub-periods, the 12-year flow declines may mainly be driven by the smaller rainfalls in the controlled
catchments. For example, a dry hydrological year appeared with 50-year frequency in 2011. Moreover,
the peak flood reduction may partly attribute to flood detention by the large reservoirs at upper reach
of Yangtze River and four branched rivers; (2) In dry season from November to March, the additional
released flow from large reservoirs, such as TGR, GZB, etc., for hydropower generation, navigation
and eco-environmental basic flow, will increase about 1000 m3/s and 2200 m3/s of flow discharge
at Yichang and Luoshan, respectively. Among them, flow increment of 1200 m?/s at Luoshan may
be mainly produced by early larger rainfall and the releasing flow from dams in the four rivers at
the start of flood season (April-June); (3) In early flood season from April to June, additional flow
discharge from reservoir releasing for flood control will increase the flow discharge at some degree,
especially on the stations at the downstream of TGR in Yangtze main channel; (4) At the end of the
flood season, there is an obvious reduction in flow discharge because of the rapid water storage by the
large dams. The comparison between the shapes for inter-annual variations at three sub-periods can
explain qualitatively the possible combination effects driven by the net rainfall variation from climate
changes and dams’ operation at some degree. However, only using combined in situ data, it is not
easy to evaluate the effects caused by the operations of dams separately and quantitatively. Therefore,
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in subsequent sub-section, a refined numerical modeling is applied to further identify the water level
and flow discharge variation linked to the operation of TGR and GZB.
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Figure 7. Inter-annual variations in flow discharge during three sub-periods (1961-1980, 1981-2002,
and 2003-2014). (note: a—f is the variations of Yicheng discharge, Luoshan discharge, Dongting inflow,
Four Rivers inflow, Three outlets inflow, and Chenglingji outflow, respectively).

4.2. Quantitive Identification on the Hydrological Variation Linked to TGD and GZB

The operation of TGD and GZB may cause the variation in water level and flow discharge at
river networks and lakes system from Zhutuo to Yangtze estuary. Considering the main impacted
region, our hydrodynamic model domain included the complex Yangtze river-lake-reservoir system
from Zhutuo to Datong station, in which, Yangtze main channel, main branches, lakes and inner river
networks linked to lake and Yangtze stem are included. There are more than 5700 cross-sections and
220 sub-channels in the model system, and related measured data are used in the model. This indicates
the model has a good representativeness in the distribution, linkage and bathymetry of complex
river-lake-reservoir system. The verifications showed Nash-Sutcliffe coefficient of efficiency (CE)
at 94 controlled stations were large than 0.90. The details about the model theory, parameters setup,
validation and calibration in the Yangtze River were given in the references [55-57]. In order to identify
quantitatively the water level and discharge variation at Dongting Lake driven by TGP and GZB, two
scenarios are designed and setup in the model system for the third sub-period (2003-2014) including S1.
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There are no construction and operation of TGP and GZB, the water can flow freely from Zhutuo
to Datong as same as the natural state before (S2). The two dams operated according to the real
situations. After 2009, TGP is operated according to 145 and 175 m scheme in flood seasons and dry
seasons, respectively. The numerical results (2009-2012) in the given stations are presented in Figure 8.
After the operation of TGP and GZB, the main variations at Yichang station, which is about 4 km
downstream to the outlet of GZB, are summarized as follows: (1) Because of additional releasing flow
from TGR, there is an obvious increasing in flow discharge in pre-floods from May to June and in dry
seasons from December to May respectively. The averaged increment during 2009-2012 arrived at
6000 m3/s and 1500 m3/s, respectively; (2) Because of flood detention by reservoirs, there is some
reduction during the flooding peaks usually from July to August; (3) At the end of flood from the mid
of September to November, in order to guarantee the enough hydropower generation in dry season,
the inflows storage by a reservoir will obviously decrease outflow from the reservoir. For example, the
reduced flow discharge at Yichang station was 20,000 m3/s on 25 September 2011; (4) In general, the
operations of TGR and GZB make the flood period earlier than before. Compared to the flow discharge
at Yichang, the discharge process at Luoshan, located about 400 km downstream of Yichang, showed
the similar variation trend with smaller variation magnitudes because of hydrodynamic attenuation
in the Jingjiang-Dongting systems and flow mixture with inflows from four rivers and three outlets
(Figure 8b). The discharge variation in Luoshan will cause a similar variation in the water level at
Luoshan and Chenglingji station (Figure 8c,d).
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Figure 8. Cont.
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Figure 8. Water level and discharge comparison with and without operation of TGP and GZB. (note: a, b,
and e is the discharge comparison at Yicheng, Luoshan, and Chenglingji, respectively; ¢ and d is the
water level comparison at Luoshan and Chenglingji , respectively).

The water storage by TGP at the end of the flood altered the flow and water level situations
from Yangtze to Dongting Lake based on our modeling results (Figure 8). For example, maximum
decrease of the water level at Chenglingji station on 25 September 2011 were about 2.2 m, the duration
of this obvious reduction was more than one month till the TGR was filled (Figure 8d). Meanwhile,
this reduced water level weakened the backwater effect and even decreased the returned flow from
Yangtze stem to Dongting Lake (Figure 8e).

Based on the numerical modeling results, the inter-annual variations with and without operation
of TGR and GZB during the sub-period 2003-2014 are presented in Figure 9. After the operation of
two large reservoirs, the water level had an averaged about 0.5 m increment in dry season and 0.3 m
reduction in the flood season. Because of the larger water releasing and storing at the start and end of
the flood season compared to other periods, there were relative larger variations in the water level
process, and the increasing and reducing magnitudes arrived 0.7 m and 1.0 m in May and October,
respectively. The 145-175 m operation scheme was put into practice in 2009, and the altered magnitude
amounted to about 1.2 m and 2.0 m, respectively (see Figure 8d). Totally, the operation of TGR and
GZB, especially the 145-175 m operation of TGR, will alter the Dongting Lake’s flood storage functions
in floods from four rivers and early floods from upper Yangtze River, respectively, speeding up the flow
releasing processes from Dongting to Yangtze River at the end of Yangtze floods. These alterations may
bring some impacts on the flood controls, lakebed deformation, aquatic ecosystems, etc. in Dongting
Lake and Yangtze River.
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Figure 9. Inner annual water level variation during 2003-2014 at Chenglingji with and without the
operation of TGR and GZB.

4.3. Relationships between the Hydrological Processes and Net Rainfall around the Dongting Lake Region

The daily measured rainfall and evaporation data measured by 20 cm-diameter evaporating
dish at 23 stations are collected from China Meteorological Data Sharing Service System (CMDSS,
http://cdc.cma.gov.cn/). The inverse distance weight (IDW) interpolations including four adjacent
stations are used to interpolate daily rainfall and evaporation in Dongting basin with 1000 m cell size.
From Figure 10, the annual rainfall in the Dongting region had a small reduction during 2003-2014
compared to the sub-periods 1961-1980 and 1981-2003, while the annual evaporation increased to
some degree. However, the water level at Dongting Lake was increasing in dry season, which means
the reduced local flow driven by the net rainfall in the Dongting Lake region did not have a significant
dominated to the water level in Dongting Lake. Further statistics showed this local flow component
only occupied 8% of total inflows. Moreover, the analysis showed there was slight erosion [58] in
the thalweg region of East Dongting Lake and a large deepening in the lower reach of Xiangjiang
channel [59] because of the sand mining and water way regulation in the recent ten years. Considering
the reasons above, the operations of the large dams were main driving factors for the increasing WL
trend at Dongting Lake. With regard to the other aspects, the net rainfall processes in Dongting region
at three sub-periods had a well representativeness in flow processes from four branched rivers because
of the region adjacency (See Figure 11).
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Figure 10. Annual rainfall and evaporation during the period 1961-2014.
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Figure 11. Comparison between total inflow from four rivers and net rainfall induced inflow around
Dongting Lake.

5. Discussion

5.1. The Analysis on Water Level Changing Trend

The analysis revealed changes in the mean annual water level throughout the entire time series,
as presented in Figure 2 and Table 2. WLM generally increased, especially during the 1990s, WLM
progressively increased, but during the 2000s, the water level began to decrease. The change in water
level in the last two sub-periods has some relationship with the change in net precipitation around
Dongting Lake (Figures 10 and 11). Considering the change trend in water levels (Figure 2 and Table 2)
and the reduce inflow into the lake during the wet season (Figure 7c-e), future flood periods may occur
less often. Although WL progressively increased, we noticed that WLm increased more significantly,
particularly from the 1980s on. From December until June, the reservoirs discharged more water to
the downstream, increasing the water level in Dongting Lake [17,60]. Obviously, low water levels
increased substantially from 1980s, perhaps reducing the hydrological conditions that would allow
droughts to occur. As a direct result, drought events will probably happen less frequently in the future.

The analyses in Figures 3 and 5 indicate that the range between WLM and WLm decreases over
time. These two figures also show a continuous decrease in Cv over time, but during the 1990s, this
hydrological variable was very high. Clearly, the dispersion of annual water level around the mean
becomes very low in later sub-periods, but during the 1990s, the range between WLM and WLm is
high. These analyses prove the presence of large changes in the annual water level of the Dongting
Lake and may decrease the probability of high and low water levels occurring in the future. However,
during the 1990s, the high water level was increasing, mainly driven by the serious rainfall in the flood
seasons, especially in 1998 and 1999.

Generally, the changes of water level over the sub-periods obtained via the Pettitt test are similar
to the changes over the sub-periods obtained via the operation of TGR. It is evident that the water level
in the dry season was subject to greater degrees of increase during the second sub-period compared to
the wet season, and the water level in the dry season was subject to greater degrees of increase during
the third sub-period (Figure 6 and Table 5). Greater degrees of increase in the dry season can be found
during the third sub-period than during the second sub-period, but fewer degrees of increase, even
a decreasing trend, can be found in the wet season. For the monthly scale, the maximum monthly
average water level over the period 2000-2014 have increased compared to the period 2003-2014 and
the minimum monthly average water level over the period 2000-2014 have decreased compared to
the period 2003-2014. For the annual scale, WLM, WL, and WLm have increased, but the increasing
magnitude of WLM and WL were less compared to WLm. All those shows that the operation of TGR
playing an important role to decrease the probability of future drought and flood events. Thus, we can
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conclude tentatively that the Dongting Lake is dominated by less increasing WLM and significantly
increasing WIm with decreasing RA.

5.2. Identification on the Hydrological Variation Linked to TGR and GZB

Based on this case study, anthropogenic activities, especially the construction and operation
of large reservoirs is one of main driving factor for changes in lake water levels during sub-period
2003-2014, because the following reasons: (1) there is an obvious declining trend in the water level
before the start of the dry season in August and November, which is driven by water storage in large
reservoirs on the upper reach of the Yangtze River and four branched rivers around Dongting Lake;
(2) in the recent several years, low water levels in the dry season increase despite the slight erosion
of the lake bed, especially at the narrow navigation region near Chenglingji station [58], indicated
that the rise in water level is mainly driven by backwater effect from the increasing flow discharge
and water level at Luoshan station in the Yangtze main channel from the release of surplus water
from reservoirs at the start of the flood season (Figure 7a,b) together with moderate inflow increase
at four rivers (Figure 7c,d); and (3) three sub-periods showed a large variation in high water levels
during the flood season, directly and mainly caused by the rainfall, and flood dispatches from an
increasing number of large reservoirs in the river basins around Dongting Lake shaped flow discharge
and water level processes at some degree. It is not easy to separate quantitatively the variations from
rainfall and reservoir operations only using limited measured data. Our modeling scenario results
indicated quantitatively the operations of TGR played an important role on the water level changing in
Dongting Lake (Figures 8 and 9). The operation of TGR and GZB, especially the 145-175 m operation
of TGR, had shaped the water level processes and pushed hydrological process earlier with small
RA than before. It may prevent the floods transport from four rivers, speeding up the flow releasing
processes from Dongting Lake to Yangtze River at the end of the flood season. Modeling results in the
references [61] showed that other existing large reservoirs in the upper Yangtze River could decrease
flood water levels by as much as 1.0-3.0 m at the Chenglingji station and furthermore strengthened the
water level shaping at Dongting Lake.

5.3. Further Evaluation on the Hydrological Variation Linked to Anthropogenic and Climate Factors

The detailed driving factors for the water levels in worldwide lakes are quite different and there
may be combined effects for a specific lake. The causes for water level reduction in individual lakes
and wetlands are usually poorly understood and most assuredly are multi-faceted and additive [9].
And, it is difficult to separate the influence of human alterations from climate change and other
factors [62]. For example, in China, there are quite different trend for the lakes in Qinghai-Tibet
Plateau, Inner-Mongolia, Xinjiang, Northeast Plain of China and East China Plain because of the
differences in key controling factors related to the snow or glacier melts, intensified evaporation,
intensified western wind in the winter, desertification and aggravated soil erosion, water consumption
for agricultural use, etc. [63]. The mutiple forces by precipitation, inflow, the air temperature and
evaporation resulted in a decline in water levels in Lake Superior in North America at the rate of
approximately 1.0 cm per year [31]. The water level variation of Poyang Lake in China may be a
combination effect by the operation of TGR [64], serious sand mining and waterway regulation [65];
The precipitation in the Huai River basin decreased since the mid-1960s, while the WLM increased
significantly. WLM of Hongze Lake has been changed more and more by anthropogenic activities
(especially hydraulic engineering) from 1950s [29]. The operations of dams in upper reach of the Yellow
river altered the hydrological processes in the middle and lower Yellow river reach [66]. The decline
of water level in Urmia Lake in Iran is mainly driven by flow diversion and recent drought in river
basin [67].

Our results indicated that water level in Dongting Lake has an increasing trend from 1961 to 2014.
However, from 1981 to 2014, this balance changed, perhaps driven by the change of precipitation and
the operation of reservoirs. Reservoirs may play an important role on weakening the flood peaks
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and maintaining the ecological water level of the lake. In particular, TGR has resulted in a significant
decline in flood water level in the wet season and a significant increase in the dry season, a result that
coincides with the reference [34]. Moreover, the related measured flow discharge at period 1961-2014
are collected and processed to identify and analyze qualitatively the key driving factors for the water
level variation in Dongting Lake. The inflows around Dongting Lake or rainfall at upper reach of
Yangtze rivers and four rivers are main driving force to the annual variation of the water level in
Donting Lake. Our numerical modeling results indicated quantitatively the operation of TGR shaped
the water level processes especially when the 145-175 scheme was used since 2009. The operation of
reservoirs will decrease the RA, and this may decrease the probability of high and low water levels
occurring in future. In addition, the hydrological variation in Dongting Lake may also be caused by
long-term lake sedimentation, historic reclaimation and river-lake system alteration around Dongting
Lake. Futhermore, in recent one decade, the TGR and other large existing reservoirs in the upper
Yangtze River caused serious sediment declines in the lower reach of these dams and obvoius erosion
appeared especially in the Jingjiang reach, this might decrease water level in Yangtze main channel at
some degree. The combined effects of these factors are required to be seperated further and evaluated
using more historic measured bathemetry data and an integrated modeling system at next step.

6. Conclusions

Long-term statistical analysis of water level variations in Dongting Lake will definitely help
to manage the water resources in this large freshwater lake. In this study, we analyzed the trends
for seventeen hydrological variables using the MK method. Then, we averaged change points and
classified sub-periods using the Pettitt test. Finally, we used Sen’s slope test to calculate the magnitude
of the trend slope for the key variables in the sub-periods. According to these results, the main
conclusions are as follows.

(1) WLM, WL, and WLm show significantly increasing trends from 1961 to 2014; however, different
trends appear from 1981 to 2014. For example, in this sub-period, WLm shows a statistically significant
increasing trend, but WLM and WL show non-significant decreasing trends.

(2) The annual changing trends of WLM in Dongting Lake occurred at a rate of approximately
0.90 cm/year and —2.27 cm/year from 1961 to 2014 and 1981 to 2014, respectively. The annual changing
trends of WL in Dongting Lake occurred at a rate of approximately 1.65 cm/year and —0.79 cm/year
from 1961 to 2014 and 1981 to 2014, respectively. The annual increasing trends of WLm in Dongting
Lake occurred at a rate of approximately 4.58 cm/year and 2.56 cm/year from 1961 to 2014 and 1981
to 2014, respectively.

(3) The water levels in the dry season are subject to greater degrees of increase during the last two
sub-periods when compared to the wet season. However, the water level in the wet season is subject
to greater degrees of decrease when compared to the first sub-period. Greater degrees of increase in
the dry season were found during the third sub-period than during the second sub-period, but smaller
degrees of increase, even a decreasing trend, was found in the wet season, which may be driven by the
monthly variation of precipitation in wet season, together with the reservoirs” operations.

(4) Our numerical modeling results indicated that the rise in water level at Dongting Lake in dry
season especially since 2009 was mainly driven by backwater effect from the increasing flow discharge
and related higher water level at Luoshan station by 145-175 m operation of the TGR.

Long-term changes in the water levels of Dongting Lake may decrease the probability of future
drought and flood events. The finding of this study is fundamental and can be used to apply the
effective water resource management and ecological protection in Dongting Lake. In next step,
using combined methods including measured data mining and scenario simulation by integrated
numerical model, further studies will be conducted to quantitatively to identify and predict the
long-term and accumulative changing trends of the lake’s water level under the dynamical changing
river-lake system in the middle Yangtze River and the operations of all the large dams in the upper
and middle Yangtze River.
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