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Abstract: As one of the most common natural phenomena, floods can bring both risks and benefits
for human beings. They can pose a risk of inundation to a human habitat but can also be utilized as a
resource with hydraulic engineering. Improving the knowledge of flood characteristics is the basis
and premise of improving water resources management and ecological environmental protection.
Presently, the quantitative evaluation of flood characteristics needs to gradually evolve from a
single indicator to a systematic one. In this paper, by introducing the concepts of ecohydrology on
magnitude, frequency, and duration, a set of flood characteristics indicators evaluation system is
constructed based on the hydrological characteristics for the section where Danjiangkou Reservoir
is located at the middle reach of the Yangtze in China. The results showed that the Danjiangkou
Reservoir has changed the flood characteristics to a great extent both of seasonal or annual floods, and
the mean degree of the flood characteristic alteration indicators is about 19%. The changing trend of
the flood indicators upstream showed an increasing trend from the 1970s to 2010s, while downstream
were divided into two periods by the year of about 1975. The methodological system provided by
this paper can effectively evaluate flood characteristics quantitatively, provide technical guidance
and a useful reference for flood process analysis, and provide support for flood management and

river ecosystem protection.
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1. Introduction

As the most important object in the study of natural phenomena, floods have always
been the focus of attention of scientists and engineers on their evolutions and characteris-
tics. With the dual impact of climate change and human activities [1,2], the flood regimes
of many large rivers around the world have changed significantly [3-5]; this has had a
profound impact on regional flood control safety, water resources utilization, ecological
protection, etc. Therefore, it is of great scientific importance how to describe floods objec-
tively. Usually, there are two ways for describing a flood: one is simulated flood processes
through hydrological and hydrodynamic models [6-8], and another is to establish indica-
tors through hydrological statistics methodology for characterizing floods [9-11]. In terms
of model simulations, the models have made obvious progress in regional-scale compat-
ibility [12], stability [13], and uncertainty reductions [14], which has led to a significant
improvement in the accuracy and applicability of flood simulations. In terms of hydrologi-
cal indicator statistics, extreme value theory provides a firm theoretical foundation for the
statistical modeling of extreme hydrological events; currently, the most commonly used
indicators are block maxima (BM) and peak-over-threshold (POF) [15]. Moreover, some
studies have combined meteorological and hydrological elements to establish some simpli-
fied indicators for characterizing flood processes, such as monthly rainfall [16], rainy season
rainfall [17], maximum daily annual floods, and precipitation [18,19]. These indicators are
well-adapted to the disciplines of water resources engineering, flood frequency analysis,
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and project impact evaluation. However, such quantitative indicators and methods for
evaluation and analysis for the variation of flood characteristics [20,21] still has limitations,
mainly in which the indicators are too singular and do not constitute a system, can just
reflect an aspect of flood characteristic and it is difficult to fully reflect the characteristics
of floods.

In contrast, in the field of ecological hydrology, the method of IHA which derived
from the ecohydrological paradigm used a large number of indicators for describing the
hydrological process in response to ecology [22,23]. This indicator system has been used for
hydrological regime impact assessment and ecohydrological effect research. Among them,
the concepts such as flood magnitude, frequency, and duration can be introduced and
redefined as indicators for flood characteristics evaluation. By referring to these concepts,
we can more comprehensively, objectively, and accurately describe the flood process and
characteristics, which has a great significance for studying the flood changing regularity,
water resource management, and harmony between environment and society.

As the largest trans-century projects in China, The South-to-North Water Diversion
Project (S2N) is aimed at transferring water from Southern China to Northern China to
meet the increasing demand for water resources in Northern China, where the storage of
water has been a serious constraint to the regional economic development and ecological
security [24,25]. As the source of the middle route of S2N, Danjiangkou Reservoir, which
is the largest water control project of the Han River basin, controls the upper Han River
and Dan River, with a total catchment area of approx. 95,200 km?, and it has a total storage
capacity of 33.91 billion m3. For the reservoir, on the premise of ensuring flood control
safety, continuous water supply to the northern region of China has a great significance to
ensure the coordinated development of China’s regional economy.

Therefore, this paper conducts a systematic study from three levels (Figure 1): indica-
tors system, evaluation method, and flood characteristics analysis. The flooding process
upstream and downstream of the reservoir of the Danjiangkou in Han River for the period
of 1967-2015 is selected as the study object, a set of quantitative indicators system which
include magnitude, duration, and frequency of flood characteristics is established, and a
series of statistical analysis methods are adopted to study the differences and trends of
flood characteristics systematically.
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Figure 1. Schematic analysis methodology.
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2. Materials and Methods
2.1. Study Area

The Han River basin has a drainage area of 159,000 km? and is the largest tributary at
the middle reaches of the Yangtze river, which is about 1567 km long. It rises in the south
of Qinling Mountains, flows southeast through the Qinba Mountains, and imports into
Danjiangkou Reservoir; after outflowing the reservoir, it flows across the Jianghan Plain
and joins into Yangtze River from Wuhan, the economic and cultural center city of Middle
China. The mainstream of the Han River traverses through Shanxi and Hubei Provinces,
and its tributaries extend in the Gansu, Sichuan, Henan, and Chongqing four provinces and
cities. The basin belongs to the north subtropic monsoon climatic region with remarkable
transitional climatic characteristics (spatial and temporal patterns of the water quality in
the Danjiangkou Reservoir, China), which are affected by the Eurasian-Continental cold
high pressure in the winter and the Western Pacific subtropical high in the summer. The
basin annual mean temperature is 12-17 °C, of which the highest in July and the lowest in
January. The annual mean precipitation amounts to 700-1100 mm, which increases from
upper reaches to down reaches.

Danjiangkou Reservoir, the largest water control project of the Han River basin,
controls the upper Han River and Dan River, with a total catchment area of approx.
95,200 km? (the Han River watershed management initiative for the South-to-North Water
Diversion Project (Middle Route) of China). The dam has a length of 2949 m and a crest
elevation of 176.6 m. The Danjiangkou project began construction on September 1958
and started impounding water on 18 November 1967, and the first-phase project ended
in February 1974; in that time, the reservoir had a total storage capacity of 23.16 billion
m?3. For improving the reservoir’s comprehensive benefits of flood control, water supply,
power generation, and shipping, the second-phase project began in 2005 and heightened
and strengthened the dam and expanded the total storage capacity to 33.91 billion m3, and
the reservoir transformed the operation from annual regulating to multi-annual regulating.

For detecting the flood characteristics and the alterations that may be caused by the
reservoir, the daily streamflow data of an important outflow hydrological control station
(Figure 2) downstream of the Danjiangkou reservoir, named Huangjiagang, was obtained
from the Hydrological Bureau of the Yangtze River Water Resources Commission, China.
The timing of the Danjiangkou reservoir impoundment (in 1967) was used as a changing
point to divide the preoperation (1957-1966) and post-operation (1967-2015) periods.
Besides, we also obtained the daily inflow data (1967-2015) of the Danjiangkou Reservoir,
which was calculated by both the water stage capacity relationship and discharge.
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Figure 2. Sketch map of Han River and the location of the Danjiangkou Reservoir. (Map a is the border of China. Map b is the

border of the Yangtze River Basin. Map c is the border of the Han River Basin.).
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2.2. Flood Characteristic Indicators

To quantify the flood characteristics, the indicators which can describe the magnitude,
frequency, and duration were selected (Table 1). These comprise the annual maximum
streamflow series; seasonal maximum streamflow series; peak-over-threshold series (POT);
and magnitude-duration of annual extreme flood conditions series (such as annual maxima
3-day, 5-day, 7-day, 15-day, 30-day, 90-day flood volumes or mean flow). Annual maximum
daily mean streamflow, i.e., the largest daily mean streamflow that occurs in each hydrolog-
ical year, is the most common indicator for quantitatively describing the flood magnitude
characteristics. In some studies [26,27], peak-over-threshold series were used, since they
are considered to include more flood characteristic information, thus allowing to reveal
better the temporal pattern of flood occurrence. Besides, lots of research on hydrological
regime evaluations have mentioned that the magnitude duration of annual extreme flood
conditions series can better reflect the characteristics of the relationship between duration
and magnitude of flood process [28-30].

Table 1. Flood characteristics indicators system.

Statistics Group Flood Indicators Abbreviation Remarks
Annual maximum daily mean AMDXS Maximum discharge for each hydrological year
streamflow(m?3 /s 1 March-28 (29) Februar
y
magnitude of annual Annual spring-summer Maximum discharge for each spring and
and seasonal flood maximum daily mean ASSMDXS summer (1 Mgarch—31 Au pus t)g
streamflow(m?>/s) g
Annual autumn-winter maximum AAWMDXS Maximum discharge for each autumn and winter
daily mean streamflow(m3/s) (1 September—28(29) February)
Annual maximum 3-day mean AM3DXS Maximum mean discharge of 3 days each
streamflow(m3/s) hydrological year
Annual maximum 7-day mean AMYDXS Maximum mean discharge of 7 days each
tude-durati streamflow(m?> /s) hydrological year
magnitude-duration
of annual extreme Annual maximum 15-day mean AMI5DXS Maximum mean discharge of 15 days each
flood conditions streamflow(m?3/s) hydrological year
Annual maximum 30-day mean AM30DXS Maximum mean discharge of 30 days each
streamflow(m3/s) hydrological year
Annual maximum 90-day mean AMO90DXS Maximum mean discharge of 90 days each
streamflow(m?/s) hydrological year
Peak-over-threshold POT3XM Discharge peaks above threshold; on average
magnitude(m?/s) three events per year
Peak-over-threshold frequency POT3XE Annual number of discharge peaks above
threshold; on average three events per year
peak-over-threshold - - -
series Spring-summer SSPOT3XE Annual number of spring and summer discharge
peak-over-threshold frequency peaks above threshold (1 March-31 August)
Autumn-winter Annual number of autumn and winter discharge
AWPOT3XF peaks above threshold (1 September—28 (29)

peak-over-threshold frequency

February)

Remarkably, in this paper, the indicators of seasonal time series were distinguishing
into spring—summer (March—August) and autumn-winter (September—February), which
adapt to the seasonal characteristics of the Han River. For example, the annual spring—
summer maximum streamflow time series (ASSMDXS) consists of the largest daily mean
discharge of the spring and summer periods of each year.

Additionally, the series with on average three independent flood events (POT3) per
year before the reservoir started operation were selected. For the period of 10 years
(1957-1966), the POT3 samples include the largest 30 independent discharge peaks. Differ-
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ent time intervals can well ensure the independence of different floods. In this paper, 7-,
15-, and 30-day intervals were attempted, and finally, 15 days was chosen as the suitable
intervals. POT3 as the threshold values was used to select the magnitude of the flood
events (POT3M) and the frequency per year (POT3F). Seasonal POT3 was distinguished
into two seasons. For example, the frequency of the spring-summer peak-over-threshold
(SSPOT3F) was counted from the independent flood events above the threshold in every
spring and summer.

2.3. Histogram Matching Approach (HMA)

The most popular evaluation method of hydrological variation called Range of Vari-
ability Approach (RVA) [31] is usually used in water resources and ecosystem management
by employing the preimpact (or unregulated) streamflow series to establish the indicators
target ranges. Apart from the differences of indicators, the statistical evaluation method
can be used both in ecohydrological regime variations and flood characteristic alterations.
However, this paper used the Histogram Matching Approach (HMA) [32] instead of RVA,
because it considered the difference of frequency distribution between the pre- and postim-
pact indicators series, which can better account for the sensitivity of the flood characteristic
series in the part of frequency variation.

The principle of this method is based on the quadratic form distance between the
frequency vectors of the pre- and postimpact histograms weighted by a specified similarity
matrix. The specific procedural steps of HMA as follows:

a. For one hydrological indicator, before the histogram constructed, the number of
classes nc,; must be determined according to the whole data of the pre- and postim-
pact periods. The classification number of the histogram should not be too large or
too small to express the frequency characteristics of data distribution effectively. The
following formula is used in this study:

ney, = ceil (rmn}n/?’/qu,m) 1

where ceil(x) is the function for the smallest integer greater than or equal to x, 7, is
the difference between the largest and smallest data values, 7, is total number of
data, and 7, is inter-quartile range, the difference between the 1/4 and 3/4 values.

b.  After the histograms statistics of H;, (preimpact) and K, (postimpact), the dissimi-
larity is measured by using a quadratic-form distance.

don (s Kor) = A/ (o — Kie) T A ([ — o] @

where hy, = (M, hom, - - .,hncm,m)T and ki, = (kym, kom, - - .,hncm’m)T are frequency

vectors of Hy, and Ky, |l — ky| is statistical distance vector, and A, = [ai]-,m} is

similarity matrix, where a;; ,, is the similarity between classes i and j. The formula of

ajj,m as follows:

 dijm
max (djj )

Aijm = 3)
where d;j ,, = |Vi,m — V]m’ is distance between classes i and j, and V; ;, and V; ,, are
the mean values of classes i and j.

After calculating the dissimilarity (d,,) between H,, and Ky, the deviation evaluation
of a postimpact flood indicator from the preimpact is defined as D,;,, which is the normal-
ized matrix of d,,,. Thus, the D;, can be employed to quantitatively analyze the variations
of the flood characteristics selected.

2.4. Multiple Trend Analysis

The tendency of flood regime is important for flood evolution research. Generally,
trends in a time series are sensitive to the selection of the investigation period and start
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and end years [33]. Therefore, the analysis of trends in flood characteristics is done for
multiple periods with different start and end years, extending the previous trend analyses
studies, which can avoid the trend presented only in a specific period, which may cover up
other more trends characteristics of smaller investigation periods. Trend significance was
tested with the nonparametric Mann-Kendall test [34], with significance levels of 0.05 and
0.01. Multiple trends of the indicators for upstream inflow and downstream outflow were
selected for analysis by the investigating time series of at least 20 years, and the lengths
and variations are presented in m>-s/decade. For the accuracy of the significance test, the
indicators time series were pretreated to remove the lagl correlation.

3. Results
3.1. Flood Indicators Comparison between Pre- and Post-Operation Time Periods

The calculation of the average, maximum, minimum, and coefficient of variation (CV)
were used to estimate the dispersion for these indicators in each data series for the pre-
and post-operation periods, and the magnitude of the difference and deviation percentage
were used to express the differences between the pre- and post-operation periods of the
average and CV. The results showed that all the average values for the indicators of the
post-operation period were smaller than the preoperation, but the CV values became
larger. The quantitative comparison results are provided in Table 2. The specific analysis is
as follows:

Table 2. The results of flood characteristics comparison quantified by the series of the indicators for Huangjiagang

hydrological station downstream of the Danjiangkou Reservoir between pre- and post-dam.

Flood Indicators Preoperation Post-Operation DMA/% b DMC/% €
ave max min cva ave max min cv
magnitude of annual
and seasonal flood
(m3/s)
AMDXS 14,997 27,400 3130 0.58 5068 20,057 829 0.89 —9929/0.66 0.31/0.53
ASSMDXS 10,646 27,400 3130 0.77 3573 11,062 829 0.80 —7073/0.66 0.03/0.04
AAWMDXS 9245 25,600 591 0.95 4850 20,057 637 1.06 —4395/—-0.48 0.11/0.12
magnitude —duration
of annual extreme
flood conditions (m3/s)
AM3DXS 12,651 23,867 2460 0.60 5292 18,582 828 0.88 —7359/—-0.58 0.28/0.47
AM7DXS 8886 16,174 2027 0.59 4507 13,748 740 0.81 —4379/-0.49 0.22/0.37
AM15DXS 6094 10,245 1333 0.55 3500 9818 687 0.71 —2594/-0.43 0.16/0.29
AM30DXS 4332 8609 1159 0.57 2693 7706 631 0.64 —1639/-0.38 0.07/0.12
AMI0DXS 2607 5105 907 0.50 1861 5586 509 0.52 —746/—0.29 0.02/0.04
peak-over-threshold
series
POT3M (mB/S) 8077 16,352 2217 0.57 3779 12,693 812 0.75 —4298/—0.53 0.18/0.32
POT3F 1.2 3 0 0.95 0.29 3 0 2.23 —0.91/-0.76 1.28/1.35
SSPOT3XF 0.6 3 0 1.61 0.06 1 0 3.91 —0.54/-0.9 2.30/1.43
AWPOT3XFE 0.6 3 0 1.61 0.23 2 0 2.25 —0.37/-0.62 0.64/0.40

2 CV (coefficient of variation) describes the average inter-annual variation for the pre- and post-operation time periods. b DMA /%
represents the difference between the pre- and post-operation time periods for the average and expresses as both a magnitude of difference
and a deviation percentage. < DMC% represents the difference between the pre- and post-operation time periods in the coefficient of

variation and expresses as both a magnitude of difference and a deviation percentage.

The deviation percentage of the averages for the individual attributes almost all
decreased (Figure 3); in contrast, the deviation percentage of the CVs increased with a
range from 4% (AM90DXF) to 143% (POT3F). Such as the comparison of AMDXS and
the hydrograph (Figure 3a) showed that the relative differences of average decreased by
66% and CV increased by 53%, which means the operation of the reservoir reduced the
magnitude of annual maximum flood flow and increased the inhomogeneous distribution
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of flood extreme events in the interannual period. Both in the spring—summer and autumn-
winter periods, the annual seasonal maximum daily mean flow averages significantly
decreased over 48%, and the CV's were increased slightly below 12%; the main reason
probably was for guaranteeing the safety of flood control. The reservoir regulated the
storage uniformly between seasons, and weakened the magnitude differences between
seasonal floods.

For the statistics groups of the magnitude-duration of the annual extreme flood
conditions, the DMAs and their percentages were significantly decreased, which means
an obvious effect of the Danjiangkou Reservoir operation is the virtual elimination of the
flood peak and volume in various duration scales from the upper basin. Besides, the DMCs
of AM3DXS, AM7DXS, AM15DXS, AM30DXS, and AM90DXS were all increased, the
maximum was 47% (AM3DXS); thus, the flood regulation of the reservoir not only makes
the decrease on average but, also, an increasing trend in the deviation of flood magnitude
at the interannual period. For the statistics group of the peak-over-threshold series, the
DMA of POT3M decreased by 53%, which compared to the preoperation period and the
POT3E reduced from 1.2 to 0.29, which means the flood occurrence frequency magnitude
over 8000 m3/s that happened every year in the pre-operation period was reduced to
almost once in four years in the post-operation period. For SSPOT3XF and AWPOT3XFE, we
found that both of the average values were the same before the reservoir operated, which
in SSPOT3XF and AWPOT3XF were 0.6, but in the post-operation period, the AWPOT3XF
(0.23) was larger than SSPOT3F (0.06); this may be related to the law, which is that the
reservoir mainly reduces the flood peak and impounds floodwater resources in the summer
and keeps a relatively high water stage in the autumn. Due to the short data series in the
pre-dam period, we need to further explore the corresponding relationship between the
reservoir’s inflow and outflow discharges by a long data series.
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Figure 4. The flood characteristic indicators time series comparison between upstream inflow and downstream outflow.

3.2. The Alteration Evaluation of Inflow and Outflow in Same Time Period

For further study on the flood regulation of the Danjiangkou Reservoir and its effects
on flood characteristics, we selected downstream outflow and upstream inflow processes
of the reservoir in the same period (1969-2015) for comparative analysis. In this section,
we used the HMA to evaluate the deviation of flood characteristics indicators. The flood
indicators for outflow and inflow were compared in the histograms in Figure 4, and the
evaluation of the flood alteration is provided in Table 3. The variation pattern of the
indicators is similar to the previous Section 3.1. results; the indicators for average and
maximum values of the downstream inflow are larger than upstream. For example, the
DMA of AMDXS between the upstream inflow and downstream inflow is —6070 m3/s,
and the deviation percentage is 52%. Additionally, for the magnitude-duration of the
annual extreme flood conditions, both the DMA and DMC for flood indicators showed a
trend of decreasing with the increasing time scale. Among AM3DXS, AM7DXS, AM15DXS,
AM30DXS, and AM90DXS, the maximum absolute deviation percentage of DMA and
DMC were 46% and 52% which was for AM3DXS, and the minimum was 23% and 6%,
which is for AM90DXS. In terms of CV values, the most significant alteration of indicators
was SSPOT3XF, which belongs to the peak-over-threshold series. The average CV value of
the upstream inflow was 1.2, and the downstream outflow was 2.76, which the latter was
larger than the former by 1.56, and the deviation percentage was 130%.
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Table 3. The evaluation of flood indicators alteration between upstream inflow and downstream outflow.

Flood Indicators

Upstream Inflow Downstream Outflow D

ave

DMA/% DMC/% © o d
max min CV?2 ave max min Value/%

magnitude of annual
and seasonal flood
(m3/s)
AMDXS
ASSMDXS
AAWMDXS
magnitude-duration
of annual extreme
flood conditions
(m3/s)
AM3DXS
AM7DXS
AM15DXS
AM30DXS
AM90DXS
peak-over-threshold
series
POT3M (m?/s)
POT3F
SSPOT3XF
AWPOT3XF
Mean value

11,606 29,174 431 059 5536 20,057 829 0.92 —6070/—0.52 0.33/0.56 0.21

9243
8624

9634
6916
4938
3663
2370

8077
1.32
0.78
0.54

25113 191 0.62 3461 11,062 829 0.83 —-5782/—-0.63 0.21/0.34 0.32
29174 431 0.86 4823 20,057 637 1.09 —3801/-0.44  0.23/0.27 0.16

25107 346 0.60 5214 18,582 828 091 —4420/-046  0.31/0.52 0.28
15,610 315 058 4421 13,748 740 0.84 —2495/-036  0.26/0.45 0.20
10,548 307 054 3399 9818 687 073 —1539/-0.31 0.19/0.35 0.10
8560 228 053 2619 7706 631 0.66 —1044/-0.29 0.13/0.25 0.24
5942 182 0.49 1831 5586 509 052 —-539/-0.23 0.03/0.06 0.10

16352 2217 057 3779 12,693 812 0.75 —4298/-0.53  0.18/0.32 0.21
6 0 1.06 0.93 4 0 219 -0.39/-0.30 1.13/1.07 0.19

3 0 1.20 0.15 2 0 2.76 —0.63/—-0.81 1.56/1.30 0.21

4 0 1.63 0.24 2 0 219 —0.30/-0.56 0.56/0.34 0.05
0.19

2 CV (coefficient of variation) describes the average interannual variation for the upstream inflow and downstream outflow. b DMA /%
represents the difference between the inflow and outflow process for the average and is expressed as both a magnitude of difference and
a deviation percentage. © DMC% represents the difference between the inflow and outflow process in the coefficient of variation and is
expressed as both a magnitude of difference and a deviation percentage. 4 D value/% represents the dissimilarity degree between inflow
and outflow process, which is calculated by the histogram matching approach (HMA).

Meanwhile, for D values that represent the dissimilarity degree between inflow and
outflow process calculated by HMA, the mean degree of flood alteration was 19%, and
the dissimilarity degrees of almost all the indicators except AWPOT3XF were over 10%,
especially the AMDXS, AM3DXS, AM7DXS AM30DXS, POT3M, and SSPOT3XF were over
20%, and the largest of ASSMDXS was 32%. Figure 4 shows the change characteristics of
the upstream inflow and downstream outflow of the reservoir. The histograms of all the
indicators seem to present a similar change pattern. The downstream outflow histograms
moved to the left of the upstream inflow histograms, indicating a decreasing trend in
frequency at high magnitude intervals and an increasing trend at low magnitude intervals.
Take ASSMDXS as an example; through HMA, we decided the class number was 8 and the
interval step was 3116 m3/s; at the class range of 3307 m /s, the relative frequency of inflow
and outflow characteristics were increased from 17.39% to 65.22%, and at the class range of
12655 m3 /s, the relative frequency decreased from 15.22% to 4.35%. Thus, it can be seen that
the reservoir played an important role in the flood characteristics alteration by regulated
the storage, which weakened from the aspects of magnitude, duration, and frequency.

3.3. Trend Changes of Flood Characteristics at Upstream and Downstream Reservoir

From the results of the multiple-trend analysis (Figure 5), it can be seen that there is
a common feature in all indicators. The increasing trend of upstream indicators from the
1970s to 2010s or 1980s to 2010s passing through the significant level of 0.05 was generally
a single period, while the downstream indicators from the 1970s to 2000s or 1970s to 2010s
showed two independent periods with increasing trends, which divided by the year around
1975. Among them, the upstream indicators’ increasing trend was wider on the time scale.
The specific analysis is shown below:
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Figure 5. The flood characteristic indicators time series multiple Mann-Kendall trend analysis comparison between the

upstream inflow and downstream outflow.

For the indicators of magnitude-duration of the annual extreme flood conditions,
which are AMDXS, AM3DXS, AM7DXS, AM15DXS, AM30DXS, and AM90DXS, the up-



Water 2021, 13, 496

11 of 16

stream of each indicator in the red line (passed the multiple Mann-Kendall trend test with
the significance levels of 0.05) in the figure can form a whole region. The left border for
the red line can be regarded as the starting point of the period, and the upper border can
be regarded as the ending point. So that we can find such a law, the increasing trend of
upstream indicators for AMDXS, AM3DXS, AM7DXS, AM15DXS, and AMD30DXS are
basically from the 1970s to 2010s. However, for downstream indicators, the indicators
mentioned above basically form two separate regions surrounded by the red line in the
figure. From the time scale, one period is from the 1970s to 2010s, and the other is from
1975 to 2005. For this phenomenon, we can understand that these two periods are in an
inclusion relationship; in long periods of significantly increasing trends, there is a small
period when the trend is not significant due to the time window set. Additionally, the area
surround by red lines has become smaller for downstream indicators; this indicates that the
impact of the reservoir plays a considerable role in the trend change of natural flow in the
same section. It is worth mentioning that the area surrounded by red lines for AM90DXS
of downstream is larger than upstream, which phenomenon is the opposite of the previous
indicators. This may be exactly related to the homogenizing effect, because AM90DXS is
calculated from the maximum mean discharge of 90 days each hydrological year.

For the indicators of the magnitude of the seasonal flood, the area surrounded by
red lines for upstream ASSMDXS is much larger than downstream, and the increasing
trend period passed the multiple Mann-Kendall trend test from 1970 to 2015 with the
significance level of 0.05 and 1972 to 2010 with the significance level of 0.01, while the
downstream ASSMDXS showed an increasing trend from 1997 to 2010s, which passed
the multiple Mann-Kendall trend test with the significance level of 0.05, and 2000 to 2005
with the significance level of 0.01. In this same section of the reservoir, there is an obvious
interannual scale between the periods of significant changes in the trends for upstream
inflow and downstream outflow. For AAWMDXS, the patterns of change are generally
similar between upstream and downstream, with the increasing trend period basically
from the 1970s to 2010s.

For the indicators of the peak-over-threshold series, almost all the indicators of down-
stream outflow showed a shorter period than upstream inflow. For example, the increasing
trend of upstream POT3XF passed the multiple Mann-Kendall trend test from 1973 to 2000
and 1976 to 2006 with the significance level of 0.05, while the downstream POT3XF passed
the multiple Mann-Kendall trend test from 1978 to 2004 with the significance level of 0.05.
It can be seen that the reservoir with a large regulation capacity can significantly change
the trend variation characteristics for the frequency of floods.

Overall, the Danjiangkou Reservoir began to store water for the first time in 1968,
and the phase of the project was completed in 1974, and it was raised again in 2005 and
completed in 2013. It can be seen that the characteristic of the obvious division of the trend
of the upstream and downstream indicators was related to the change of runoff, also closely
related to the construction and operation period of the project.

4. Discussion

This study analyzed the flood characteristics alteration induced by the Danjiangkou
Reservoir; it can be summarized that the average value of each flood characteristics indi-
cator of the post-dam period is larger than the pre-dam period, and the periods of inflow
and outflow from the reservoir are asynchronous on a certain scale. Specifically, it can be
divided into the following points for discussion:

4.1. The Applicability of the Indicator System

In this study, we constructed a flood characteristic indicator system covering magni-
tude, duration and frequency for the Danjiangkou Reservoir in the Han River Basin, and
this provides a reference for flood impact evaluation for large reservoirs. All these indica-
tors can be classified on different time scales according to the regulation capacity of the
reservoir. For small reservoirs, we focus on a monthly/daily/sub-daily scale [35,36], and
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for large reservoirs, we focus on a seasonal /annual scale [37]. In addition to the character-
istics of a flood generalized through the hydrological process, it is also related to the spatial
patterns [38], geomorphology [39,40], rainfall, and climate [41,42]. Whether the indicators
need to be considered more comprehensive or cover more content depends on the object for
analysis. For the regional scale, we need to consider more factors including rainfall, spatial
patterns, geomorphology, and other characteristics, but for a single water conservancy
project, its attention should be focused on the flooding process, and the indicators can be
customized components according to the actual situation in the framework of the system
proposed in this study. Additionally, it should be noted that to avoid redundancy during
the construction of indicators, the correlation of indicators needs to be analyzed and the
types of indicators need to be screened.

4.2. The Reservoir Has Changed the Magnitude of Flood Significantly

From the results of this study, we can see that, under the impact of the Danjiangkou
Reservoir, the magnitude indicators of the annual and seasonal flood have changed sig-
nificantly. The function of the reservoir for the three indicators AMDXS, ASSMDXS, and
AAWMDKX are to reduce the mean and values whether it is from the same section of differ-
ent period dimension or the same period with inflow and outflow space dimension. We
interpreted these results as the reservoir with different regulation performances according
to its design; in the state of stable inflow; and it usually plays the role for power generation,
water supply, irrigation; and other beneficial purpose regulations. However, in case of
floods, the reservoir will release the storage capacity in advance and store the flood later
coming to ensure the flood control safety for itself and downstream. This can be clearly
understood through the hydrograph of the reservoir’s inflow and outflow (Figure 6). How-
ever, for flood control, reducing the flood peak downstream is beneficial for regional flood
safety, but for the river ecosystem, it will reduce the exchange of energy, nutrients, and
substances between the floodplain and the main river to a certain extent [43—45]; the reason
is that, only when the flood magnitude reaches a certain level, the water stage rises to
connected the main channel with floodplain and flows as a carrier to transport energy and
materials in both directions. Therefore, it is of great significance to study the evaluation
method of flood characteristics and enrich the connotation of indicators for evaluating the
balance between flood prevention and ecological protection.
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Figure 6. Hydrograph of inflow and outflow process of the Danjiangkou Reservoir.
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4.3. The Reservoir Has Reduced the Flood Frequency of the Downstream Section Significantly

This study established a set of indicators, which are POT3XM, POT3XF, SSPOT3XF, and
AWPOT3XE, for statistical annual and seasonal flood frequency characteristics. It has shown
that, whether the average value or the coefficient of variation for frequency indicator series,
the statistical values of natural flood process is larger than the regulation; this can also be
directly reflected by the correlation scatter plot of indicators for upstream and downstream
in Figure 7. However, some previous studies have shown that the reservoir has two
opposite patterns: homogenization and sharpening [46—48]. This phenomenon of reducing
flood frequency by the reservoir is easy to explain; reservoirs are operated according to
the scheduling regulations, and their sharpening effect on hydrological processes is often
due to the hydropower generation when the inflow is stable. However, the rise and fall
fluctuation of a river caused by hydropower generation is much lower than the threshold
value of flood peaking judgment. During the reservoir impoundment for reasons such
as flood control or rising water storage level, there is a flood peaking over the threshold
value, and this homogenization effect comes out. Therefore, this shows that the reservoir
can reduce the flood peaking frequency, which is over a certain threshold.

25,000
OAMDXS
AM3DXS
X AM7DXS
20,000 * AMISDXS
AM30DXS
+ AM90DXS
= ASSMDXS
= AAWMDXS
15,000 © POT3XM

10,000

downstream outflow (m?/s)

5000 X Z{f(zé’

0 5000 10,000 15,000 20,000 25,000 30,000 35,000
upstream inflow (m3/s)

Figure 7. Correlation scatter plot of flood characteristics indicators for upstream and downstream.

4.4. The Reservoir Has Changed the Trend and Periodicity of Flood Change in Adjacent
River Sections

In this study, the upstream inflow and downstream outflow flood characteristic indica-
tor changing trends are analyzed by multiple Mann-Kendall tests. From the results, we can
see that, under the impact of the reservoir, the changing trend of the flood characteristics of
the same section presents an asynchronous state in which there is a significant difference
between the upstream and downstream for indicators trend changing period. Previous
studies [49-51] have shown that reservoirs profoundly impact the distribution of runoff
at different time scales according to the regulation capacity, and this asynchronous phe-
nomenon is closely related to the construction timing and operation period of reservoirs.
The trend analysis in several dimensions such as flood magnitude, duration, and frequency
shows that reservoirs have an all-around influence on flood processes and characteris-
tics. A deep understanding of the changing regular on the trends of flood characteristics
is important for flood control safety, but from the view of the ecosystem, this influence
will also profoundly affect the evolution of the river and its surrounding systems. By
reducing the frequency and shortening the duration of downstream floods, the energy and
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material exchange law between river and floodplain ecosystems has been changed [52-54].
Meanwhile, we need to be concerned about the potential effects of impoundments on the
upstream reservoir, including the backwater zone. An increased water level and duration
of high stages occurring may affect the surrounding habitats, especially the energy and
material at the bank of the reservoir area, which may have a substantial implications for
ecosystem functioning [55,56].

5. Conclusions

Through the quantitative analysis method, it can be found that the Danjiangkou
Reservoir has changed the flood characteristics to a great extent both of seasonal or annual
floods, and the mean degree of the alteration is about 19%. From the perspective of the
changing trend, the flood indicators of upstream showed an increasing trend from the
1970s to 2010s, while downstream is divided into two periods by the year of about 1975.
This result is mainly due to the multiple trend analysis method adopted in this paper, thus
avoiding the bias of trend analysis that may be caused by the time scale selection. It can be
seen from the asynchronous trend of inflow and outflow flood indicators that reservoirs
with large regulation capacities can change the original synchronous characteristics of
floods in the same section of the river.

This paper systematically studied the flood alteration of Danjiangkou Reservoir by
constructing quantitative indicators of flood characteristics using the HMA and multiple
trend analysis methods, which can provide a reference for a deeper understanding of flood
changes under the influence of hydraulic engineering.

Furthermore, the evaluation system for the quantitative analysis of flood characteristic
alterations has proven to be effective in the Danjiangkou Reservoir. However, from the
perspective of research, there are still some aspects worthy of our attention that need to be
improved in the future. The first is the representativeness of the indicators. Although these
indicators can preliminarily summarize the main characteristics of floods, the applicability
and repeatability need to be further demonstrated for different rivers. The second is the
evaluation method, in which we used the mean degree of the flood alteration calculated by
the HMA to evaluate the overall alteration degree of the flood. However, the representation
degree of each flood indicator is different, so the various indicators” weight for flood
characteristic alterations deserve further study.

Finally, it is worth mentioning that the value of the flood characteristics indicators
system is that it can quantify the characteristics of floods from multiple dimensions; its
basic framework mainly includes elements such as magnitude, frequency, duration, etc.
For specific objects, a specific indicators system needs to be constructed and iteratively
improved on its basis through continuous analysis to meet the needs of evaluation.
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