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Abstract Recent evidences of the impact of regional climate variability, coupled with
the intensification of human activities, have led hydrologists to study flood regime
without applying the hypothesis of stationarity. In this study, identification of
nonstationarity was conducted in the form of both trend and change point in the
mean of the annual maximum flood magnitudes, using Mann-Kendall and Pettitt test,
respectively in Wangkuai reservoir watershed, China. The annual maximum flood
series exhibited a significant decreasing trend, and the timing of change point was
detected in 1979, which was consistent with the construction of large numbers of
check dams and small hydraulic structures. A correlation test (Pearson correlation test)
between large-scale oceanic-atmospheric patterns (El Niño Southern Oscillation
(ENSO), Pacific Decadal Oscillation (PDO), North Pacific Oscillation (NPO), North
Atlantic Oscillation (NAO), Atlantic Oscillation (AO)) and annual maximum flood
peaks was adopted to assess the climatic causes of nonstationary flood series. It was
found that NPO, NAO and AO had significant correlations with flood peak, but
ENSO and PDO could not explain the variations of flood peak. In the case of
human-induced nonstationarity, we proposed 2 new indices to represent the effect of
human activities on flood. The new indices were proposed based on the storage
capacity and drainage area of the large numbers of check dams and small hydraulic
structures which were estimated with no observed data. The identification of
nonstationarity for flood series and the climatic and human-induced causes could
provide useful information in nonstationary flood frequency analysis.
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1 Introduction

Flood is a natural hazard of significant importance, resulting in both human death and
economic losses in many parts of the world. In order to mitigate the losses induced by
floods, many flood control works had been built on large rivers, and almost all the
structures were built based on flood frequency analysis under the assumption of stationarity.
However, anything in the world, including nature, human science and our knowledge, is in
changing and developing. In this sense, nonstationarity exists all the time. Milly et al. (2008)
had pointed out that there has been stationarity, but it is dead.

Many authors have investigated the nonstationarity in form of trends and shifts in hydro-
logical time series at different temporal and spatial scales. The most popular trend tests include
Mann-Kendall, Spearman’s Rho, and linear regression (Olsen et al. 1999; Svensson et al.
2005; Shadmani et al. 2012). In many river basins, flood series exhibited a significant
increasing or decreasing trend due to anthropogenic effects (Hu and Huang 2012; Gao et al.
2008; Li and Feng 2010), with many more studies than can be listed here. Although many
methods for change point detection were proposed in recent years (Li et al. 2014a, 2014b), the
Pettitt test was adopted in several recent studies to identify the existence of abrupt shifts in
flood time series (Fritsch 2012; Villarini et al. 2009a; Villarini and Smith 2010). Despite of
significant trends, the time series are not necessary to display a significant shift (change point).
But most of the studies showed that there were change points for flood series accompanying
with a decreasing or increasing trend (Xie et al. 2012; Wang et al. 2012), and the authors
speculated that abrupt changes could be caused by both natural and anthropogenic factors such
as climate patterns, changes in rainfall regimes, changes in land use and land cover and
construction of engineering structures for river regulations. But Yilmaz and Perera (2013)
thought increasing or decreasing behaviour of the series does not always indicate
nonstationarity, and it is necessary to conduct further analysis to identify nonstationarity.
They adopted three statistical tests which were augmented Dickey-Fuller, Kwiatkowski-
Phillips-Schmidt-Shin, and Phillips-Perron to investigate nonstationarity in extreme rainfall
time series. These three methods were commonly used in hydrological studies (Wang et al.
2005, 2006; Yoo 2007).

In the context of water resources applications, it is necessary to consider the driving causes,
whether climatic and human-induced, of the observed changes in hydrological phenomena
(Fritsch 2012). Olsen et al. (1999) had long recognized global climate patterns including El
Niño/Southern Oscillation, the Pacific Decadal Oscillation and North Atlantic Oscillation had
impact on flood nonstationarity, and they recommended to rethink the paradigm for flood
frequency analysis. However, there has been relatively little attention to the role of present-day
interannual climate variability. As a result, the influence of this aspect on flooding is poorly
understood (IPCC 2012). Climate variability causes flood nonstationarity via the direct
influence on precipitation patterns. One way is to investigate the relation to
streamflows through teleconnections by statistical analysis between climatic indices
and flood data (Piechota and Dracup 1999; Fritsch 2012; Casanueva et al. 2014). In
addition to approaches that considered or explored changes in the observed series,
process-based studies have also been conducted by incorporating simulated climate
data to predict impacts of climate change on floods. Many of studies are dependent
on general circulation models (GCMs) (Kwon et al. 2008; Hirabayashi et al. 2008;
Alvarez et al. 2014). Gilroy and McCuen (2012) utilized a method for adjusting flood
records for future nonstationary conditions based on both climate change impacts
extracted from general circulation model precipitation. However, there are large
uncertainties for the GCM projections.

1654 J. Li et al.



Land use and land cover change could lead to nonstationarity in flood series as well. The
removal of vegetation and soil, grading of the land surface, urbanization, and construction of
drainage networks typically results in an increased magnitude and frequency of floods
(Jothityangkoon et al. 2013). Forestation, soil and water conservation measures such as
building check dams across rivers, and over-exploitation of groundwater caused a reduction
in flood magnitude. Many authors have studied the effect of land use change on flood
generation in the past decades by statistics and hydrological modeling (Farazjoo and
Yazdandoost 2008; Brath et al. 2006; Saghafian et al. 2008; Li et al. 2014a, 2014b; Zeng
et al. 2014). Brath et al. (2006) pointed out the sensitivity of the floods regime to land use
change decreases for increasing return period of the simulated peak flow. By considering peak
flows with return period ranging from 10 to 200 years, the effects of human activity seem to be
noteworthy. The effects of land use changes on flood peaks depend on the nature of the flood
event. Hollis (1975) underlined that the effect of the urbanization on the peak discharge is less
remarkable for increasing return period of the event. Such a conclusion is justified considering
that the extreme flood events are caused by storms which induce soil saturation, and therefore
the reduction of the soil storativity affects the surface discharge to a smaller extent. In this
regard, Niehoff et al. (2002) found that the influence of land use conditions on storm runoff
generation is only relevant for convective storms with high precipitation intensities, in contrast
with long lasting advective storms with low rain intensities.

In nonstationary frequency analysis, the method that location, shape and scale parameters
are expressed by covariates with linear or nonlinear forms is popular (Khaliq et al. 2006;
Vasiliades et al. 2014). But the exact covariates should be associated with the hydrological
variables. The aims of this study are to (1) identify the nonstationarity in annual maximum
flood time series; (2) recognize the teleconnections between annual maximum flood series and
climate patterns; and (3) present a human-induced index to reflect the influence of human
activities on flood time series. The novelty of this paper is the human-induced index which is
proposed based on the estimated total storage capacity and drainage area of the check dams
and hydraulic structures with no observed data. The results of this paper could provide
significant information for flood risk estimation in the river basins of environmental change.

2 Study Area

The Wangkuai reservoir located in upstream of Sha river, Daqinghe river basin (Fig. 1), which
was built in June, 1958 and completed in September, 1960. The reservoir controls a drainage
area of 3770 km2, and the storage capacity is 13.89×108 m3. The reservoir was constructed for
a comprehensive purpose of flood control, irrigation and electric power generation. The
currently used design floods were calculated using flood data series under the assumption of
stationarity.

The watershed receives an average precipitation of 600 mm, mostly in the summer
(70–80 %). The annual mean temperature is 7.4 °C. The watershed is characterized by steep
slopes and bedrock outcrops. Forest and grass are dominant on the hill slopes. Urban area is
<2 %. Rainfall and runoff data have been monitored for a period of more than 50 years from
1956 to 2008. There are 11 rain gauges available in the study area.

Soil erosion is serious in this watershed, so soil and water conservation was carried out
from 1980s, of which check dams were dominated. Small hydraulic structures and large
numbers of check dams affected flood processes in this watershed. Take the area
(2210 km2) controlled by Fuping station (located in the upstream of Wangkuai reservoir) as
an example, there are 11 small reservoirs whose total storage capacity were up to 591.5×
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104 m3, of which Haiyan reservoir is the largest one with storage capacity of 367×104 m3, and
the design criteria is 500-year return period flood. There were also pond and retaining dams of

(a) 

(b) 

Fig. 1 The study area. a location of Wangkuai reservoir in Daqinghe river basin; b the Wangkuai reservoir
watershed
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effective storage capacity of 148×104 m3. More than six thousand check dams were built from
1996 to 2008, but the storage capacity could not be derived by survey.

3 Data and Methods

3.1 Data

The rainstorm and flood data were provided by Hydrology and Water Resources Survey
Bureau of Hebei Province. Rainfall data used in this study are measured from 11 stations and
the mean rainfall was calculated by Theissen polygon method. Water balance equation was
employed to calculate inflow flood data of Wangkuai reservoir using the reservoir water level
and the discharge data. The time series are from 1956 to 2008, and the data was collected on
hourly basis. Several large floods were selected and analyzed in this study.

The remotely sensed land use data of 1980 and 2000 were provided by Chinese Academy
of Science (Fig. 2). The land use was classified into 6 types, including forest, grassland,
agricultural land, urban area, water area and unused land. The area of each land use was
derived in GIS software and it was found that they kept almost invariant from 1980 to 2000.

3.2 Methods

3.2.1 Methods to Investigate Nonstationarity

Analysis was conducted to identify nonstationarity in the form of both trends and change point
in the mean of the annual maximum flood magnitudes. Trends were investigated by applying
the non-parametric Mann-Kendall test (Mann 1945; Kendall 1975). The non-parametric Pettitt
test (Pettitt 1979) was adopted to identify the presence of change point in the mean over time.

Mann-Kendall Test The Mann-Kendall test is a non-parametric, rank-based method, and has
been broadly used in trend test in streamflow, precipitation and temperature series (Burn and

(a) 1980 land use.                        (b) 2000 land use. 

Fig. 2 Remotely sensed land use of the Wangkuai reservoir watershed
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Hag 2002; Collins 2009; Fritsch 2012; Azizabadi and Khalili 2013). Given a time series of
annual maximum flood peak (n years), the magnitude of the flood peak in year i is compared to
each value recorded in subsequent years j (j=i+1 to n). For each pair of (xi, xj), the sign of their
difference is evaluated and the Kendall’s S test statistic is calculated as:

S ¼
Xn−1
i¼1

Xn
j¼iþ1

sign x j−xi
� � ð1Þ

sign x j−xi
� � ¼

1 if x j−xi > 0
0 if x j−xi ¼ 0
−1 if x j−xi < 0

8<
: ð2Þ

The two tailed test is used. At certain probability level H0 is rejected in favor of H1 if the
absolute value of S equals or exceeds a specified value Sα/2, where Sα/2 is the smallest S which
has the probability less than α/2 to appear in case of no trend. A positive (negative) value of S
indicates an upward (downward) trend.

Pettitt Test The Pettitt test is a rank-based, non-parametric test, and thus does not require the
data to follow a particular distribution (Pettitt 1979; Reeves et al. 2007). It considers a time
series as two samples represented by x1,…,xt and xt+1,…,xT. For continuous data the indices
V(t) and U(t) can be calculated from the following formula

Ut;T ¼ Ut−1;T þ V t;T ð3Þ
For t=2,…,T,

V t;T ¼
XT
j¼1

sgn xt−x j
� � ð4Þ

where,

sgn θð Þ ¼
1 θ > 0
0 θ ¼ 0
‐1 θ < 0

8<
:

The most significant change point is found where the value |Ut,T| is maximum. The
approximate significance probability, p(t), of a change point can then be calculated from

p tð Þ ¼ 1−exp
−6U2

t;T

T3 þ T2

 !
ð5Þ

3.2.2 Methods to Identify the Causes of Nonstationarity

Correlation Analysis A correlation test between large-scale oceanic-atmospheric patterns and
annual maximum flood peaks is adopted to assess their degree of association. Three correlation
tests, Pearson, Kendall and Spearman correlation test, are popular in hydrology (Niu et al.
2013; Hodgkins et al. 2003; McCormick et al. 2009), and each has its own advantages and
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disadvantages. In nonstationary flood frequency analysis, linear combination of different
climate indices (ENSO, PDO, et al.) is usually considered to be the external covariate.
Compared with the other two methods, Pearson’s r correlation test considers the degree of
linear association between two variables. So in this paper, we select Pearson correlation test to
identify the correlations between climate indices and the annual maximum flood peak.
Pearson’s r can be estimated as the following equation.

r ¼

Xn
i; j¼1

xi−x
� �

yi−y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i−1

xi−x
� �2Xn

j−1
yi−y
� �2

vuut
ð6Þ

where xi and yi are observations of X and Y, n is the number of observations in each series,
and �x and �y are their samples averages. With using the function corr(·) in MATLAB, we can
return a matrix of p-values for testing the hypothesis of no correlation against the alternative
that there is a non-zero correlation. Each element of p-value for the corresponding element of r,
if p-value is small, say less than 0.05, then the correlation r is significantly different from zero.

Index of Human-Related Nonstationarity Human-induced nonstationarity are generally caused
by land use/land cover change and construction of hydraulic engineering. Land use changed
almost kept invariant during 1980–2000, and the main causes of human-induced
nonstationarity are the construction of large numbers of check dams for soil and water
conservation in Wangkuai reservoir watershed. However, the hydrological responses had not
been understood clearly in watersheds with large numbers of check dams and small hydraulic
structures, because the runoff processes in the channels with check dams were difficult to
simulate. Besides, observations of check dams are difficult to obtain. In China, check dams
were constructed at the request of the residents without any long-term design schemes. The
locations, storage capacities and outflow methods have not been inventoried and documented
(Xu et al. 2013).

Lopez and Frances (2013) proposed a dimensionless reservoir index as one of the external
covariates for nonstationary flood frequency analysis in continental Spanish rivers. The
reservoir index was expressed by:

RI ¼
Xn
i¼1

Ai

AT

� �
⋅

Ci

CT

� �
ð7Þ

where N is the number of reservoirs upstream of the gauge station. Ai is the catchment area
of each reservoir, AT is the catchment area of the gauge station. Ci is the total capacity of each
reservoir, and CT is the mean annual runoff at the gauge station. However, all the variables in
the equation are constants in a specific period, leading to a constant RI, regardless of flood
patterns. Considering the deficiency of RI, we present two new indices to reflect the influences
of check dams on flood peak and volume, respectively. They are expressed as:

CDIp¼ΔFPi

FPi
ð8Þ

CDIv¼ΔFV i

FV i
ð9Þ
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where, CDIp and CDIv are indices for flood peak and volume influenced by check dams and
small hydraulic structures, respectively. ΔFPi and ΔFVi are the decreased flood peak and
flood volume for the annual maximum flood peak and volume for the flood in the ith year,
respectively, caused by construction of check dams and small hydraulic structures. FPi and FVi
are the annual maximum flood peak and volume for the flood in the ith year under pre-1979
land use conditions, respectively.

In order to analyze the effects of upstream check dams and small hydraulic structures on
flood peak and flood volume of the Wangkuai reservoir, their total storage capacity and
drainage area should be estimated. Because of the large numbers of check dams, the storage
capacity could not be obtained by survey directly, and historical observed rainstorm and flood
data must be used. Two similar heavy rainstorms (similar total rainfall depth, intensity,
duration and spatial distribution) were selected, which should generate similar flood processes,
and the surface runoff could fill up the small reservoirs and check dams upstream. Compared
with the two flood processes, the difference between the surface runoff of the two flood events
is the total storage capacity of the small reservoirs and check dams upstream.

The rainstorm and flood data during undisturbed period were selected, and the relationship
between rainfall intensity and flood peakwas established, and an equation could be fitted. And then
several rainfall events during the disturbed period whose rainfall peak occurred in the beginning
were selected, and the theoretical flood peak Qt could be calculated using the fitted equation. The
decreased flood peak due to small reservoirs and check dams is the difference between the
theoretical flood peak Qt and observed flood peak Qo, and there will be Eq. (4) as follows:

Ar

A
¼Qt‐Qo

Qt
ð10Þ

where Ar is the drainage area of upstream small reservoirs and check dams, and A is the area
controlled by the Wangkuai reservoir. So we can get Ar by Eq. (10).

Since the beginning of construction of check dams was in approximately 1980, we divided
the entire period into 2 sub-periods, i.e. before and after 1980 to calculateΔFPi andΔFVi. For
each annual maximum flood process before 1980, the surface discharge should be decreased
by the proportion Ar/A till all the upstream reservoirs and check dams reach their storage
capacity if the surface discharge generated in Ar area is greater than the storage capacity. If the
flood is relatively small that the surface discharge generated in Ar area is less than the storage
capacity, the surface runoff hydrograph should decreased by the proportion Ar/A from begin-
ning to the end. In contrast, for each annual maximum flood process after 1980, the surface
discharge should be increased by the proportion Ar/A. Then each flood process under the land
conditions before and after 1980 could be derived and ΔFPi and ΔFVi were the difference
between the same flood process under the land conditions before and after 1980. Thus, the
calculated CDIp and CDIv are different for each flood.

4 Results

4.1 Identification of Nonstationarity for Annual Maximum Flood

4.1.1 Trends in Annual Maximum Flood Peak Series

The annual maximum flood peaks against time were plotted in Fig. 3. A downward trend can
be seen for the entire time series, because large floods occurred in years of 1956, 1959 and
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1963, i.e. the initial period of the time series. If the 3 peaks were excluded, no visible trend
could be detected.

So the Mann-Kendall trend test was conducted at significance level of 5 %. The value of S
was −2.4, exceeding the value Sα/2(−1.96). Thus, the null hypothesis of no trend was rejected,
with a decreasing trend identified.

4.1.2 Change Point in Annual Maximum Flood

The Pettitt test was performed to investigate the presence of a statistically significant shift in
the mean of the annual maximum flood series at 10 % significant level. Figure 4 shows the
change point of the annual maximum peak discharge time series. The possible change points
are 1979 and 1996. As can be seen in Fig. 3, it was a very large flood event for 1996 maximum
flood, the floods before and after 1996 were relatively small, so 1996 could not be considered
as a change point. Therefore, the occurrence of change point in annual maximum peak
discharge was 1979.

Based on the results of change point detection, peak flood series could be divided into two
sub-series which were preceding and following the change point, namely 1956–1979 and
1980–2005. Compared with the means of the two sub-series, the annual maximum peak
discharge was 58.3 % lower during 1980–2005 than that in 1956–1979, which was a relatively
large percent. But compared with the rainfall amounts corresponding to the peak floods, there
was just 33.2 % lower for the period of 1980–2005 than 1956–1979. Land use and land cover
must cause flood peak decrease as well. Some of the small reservoirs were built on the
upstream of Wangkuai reservoir, and listed in Table 1. Most of them were completed during
the period 1970–1980, especially the largest one, Haiyan reservoir, which has the storage
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capacity much larger than the total of the others was completed in 1979. Besides, large
numbers of check dams were constructed during that period for soil and water conservation.
These small reservoirs and large numbers of check dams were consistent with the timing of
occurrence of change point.

4.2 The Causes of Nonstationarity for Annual Maximum Flood

4.2.1 Climatic Causes of Nonstationarity

Large-scale oceanic-atmospheric patterns were investigated as possible sources of the
nonstationarity in annual maximum flood series. Correlation analysis was made to identify
the relation between annual maximum flood peak and climatic indices. were investigated for
five large-scale oceanic-atmospheric patterns (Pacific Decadal Oscillation (PDO), North
Pacific Oscillation (NPO), North Atlantic Oscillation (NAO), Atlantic Oscillation (AO) and
El Niño/Southern Oscillation (ENSO)) were chosen to check their Teleconnections with
annual maximum flood series. NINO3 is used herein to describe ENSO.

The time series employed in the correlation test were obtained according to Salvadori
(2013). For each climate pattern, the climate index in different lead time (3, 6 and 9 months)
was made correlation analysis with annual maximum flood peak. The recorded annual
maximum flood peak discharges Qmax, but not the natural logarithm form (ln Qmax) as other
authors adopted (Ward et al. 2014), were used to analyze the correlation with climate indices.

Pearson correlation test was performed at 5 % significance level to assess the degree of
association between annual maximum flood peak series and the climate indices series for a
given lead time. Table 2 shows the results of correlation analysis for each combination of

Table 1 The main small reservoirs on the upstream of Wangkuai reservoir

Small reservoir Storage capacity (104 m3) Year of being built Drainage area (km2)

Haiyan 367.0 1979 12.3

Mapeng 45.0 1996 52.0

Tagou 10.0 1978 5.5

Dahewan 4.0 1981 33.1

Duizigou 14.0 1975 1.2

Shijia 22.0 1973 9.8

Waquangou 12.0 1974 1.8

Yujiatai 10.2 1975 5.7

Table 2 Results of Pearson correlation analysis

Climatic indices 3 months 6 months 9 months

r p-values r p-values r p-values

PDO −0.2141 0.1397 −0.1518 0.2976 −0.1385 0.3425

NINO3 −0.1736 0.2329 −0.0271 0.8536 −0.0570 0.6974

NPO 0.2584 0.0730 0.2813 0.0500 −0.1370 0.3481

AO 0.1300 0.3733 0.0172 0.9065 −0.3556 0.0121

NAO 0.1563 0.2836 −0.1118 0.4444 −0.4408 0.0015
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climate index and lead time. The greatest positive teleconnections with maximum annual flood
peaks was observed for NPO with 6-months lead time at 5 % significance level, and AO and
NAO exhibited negative teleconnections with maximum annual flood peaks with 9-months
lead time. No teleconnections were found for both PDO and NINO3 with maximum annual
flood peaks with any lead time. The teleconnections of annual maximum peak discharge with
ENSO exhibited different results in different regions. Ward et al. (2014) found ENSO exerted a
significant influence on annual floods in river basins covering over a third of the world’s land
surface. Olsen et al. (1999) examined climate variability and flood frequency for the upper
Mississippi and lower Missouri rivers, and ENSO, PDO, NAO explained very little of the
variations in flow peaks. However, significant correlation with flood events justifies the use of
climate indices as external covariates in flood frequency analysis in several studies (El Aldouni
et al. 2007; Ouarda and El Aldouni 2011).

4.2.2 Nonstationarity Caused by Check Dams

Estimation of Total Storage Capacity of the Upstream Small Reservoirs and Check Dams The
flood events occurred on August 12, 1964 and August 5, 1996 were selected to estimate the
total storage capacity of the upstream small reservoirs and check dams. The August 12, 1964
rainfall events had a total rainfall amount of 132.4 mm with the maximum hourly rainfall
intensity 10.8 mm/h, and the duration was 29 h. While the August 5, 1996 rainfall event had a
total rainfall amount of 134.8 mm with the maximum rainfall intensity 7.9 mm/h, and the
duration was 30 h. The other characteristics of the two rainfall events were listed in Table 3.
We can see the characteristics of the two rainfall events are similar. The former rainfall event
generated 39.19 mm surface runoff, while the latter generated 35.24 mm surface runoff, and
the difference 3.95 mm is considered to be stored by the small reservoirs and check dams
upstream. Since the large rainfall amount of the selected events, the small reservoirs and check
dams were assumed to reach their storage capacities, and 3.95 mm is the total storage capacity
of the upstream hydraulic structures (Table 4).

Assessment of the Drainage Area of the Upstream Small Reservoirs and Check Dams We
selected 8 flood events during the undisturbed period (1956–1979) (Table 3) to establish the
rainfall intensity-flood peak relationship. And we found that flood peak occurred approxi-
mately 3 or 4 h later than the maximum 3 h maximum rainfall. An exponential function was
fitted for the data as Eq. (11), and the correlation coefficient R2 was 0.8254 as in Fig. 5.

Qt ¼ 74:679exp 0:1179P3ð Þ ð11Þ

Where Qt is the discharge in m3/s, P3 is the maximum 3 h rainfall amount in mm.
Then we selected 4 flood events during the disturbed period to estimate the drainage area of

the upstream small reservoirs and check dams (Table 5). The calculated flood discharge based
on Eq. (11) was compared with the discharge 3 h after the maximum 3 h rainfall, and Ar/A

Table 3 The characteristics of the selected rainfall events

Rainfall events Rainfall amount (mm) Duration (h) Maximum rainfall
intensity (mm)

Antecedent rainfall
(mm)

August 12, 1964 132.4 29 10.8 76.2

August 5, 1996 134.8 30 7.9 75.8
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could be estimated by Eq. (10). The Ar/A values were different for each selected flood event,
but the difference was small, and we chose the mean, 34.6 %, as the Ar/A value. So the
drainage area of the upstream small reservoirs and check dams was 1304 km2.

Based on the storage capacity and drainage area, the CDIp and CDIv were calculated for
each flood, and they were shown in Fig. 6. Different from the RI index proposed by Lopez and
Frances (2013), the CDIp and CDIv varied each year for different flood magnitudes. Generally,
the values of CDIp and CDIv for large floods in 1956, 1963 and 1996 were small,
because of the relatively large flood volumes in comparison with the storage capacity
of the upstream check dams. In case of small floods which were dominated by
subsurface flow, the values of CDIp and CDIv were small as well, because a small
part of surface flow could be stored upstream. The value of CDIp for 1963 flood
event was 0, because the large amount of surface runoff before flood peak could fill
up the upstream small check dams and reservoirs, and had no effect on the peak
discharge.

5 Discussion and Conclusions

It was assumed that annual maximum flood series were stationary in traditional
methods for hydraulic structure design and flood risk forecasting, implying a constant
flood risk associated with a given flow magnitude. however, the effects of climate
variability/change can not be neglected, and in some severely impaired watersheds

Table 4 The selected flood events
during undisturbed period Flood events Maximum 3 h rainfall

intensity(mm)
Flood peak(m3/s)

July 10, 1958 16.1 587.00

July 24, 1962 13.3 655.6

August 7, 1963 37.2 9036.4

August 12, 1964 30.3 2875.5

August 16, 1966 18.8 342.2

August 4, 1967 21.2 1296.5

June 25, 1971 16.4 341.0

August 14, 1973 32.0 1987.9

R2 = 0.8254
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human activities are critical factors affecting annual maximum floods. This paper
identified the nonstationarity in annual maximum flood peak series by trend and
change point test for the Wangkuai reservoir watershed, Daqinghe river basin,
China. At the 5 % significance level, decreasing trend was detected, and a statistically
significant change point in 1979 was identified at the 10 % significance level, which
provided further evidence “stationarity is dead” (Milly et al. 2008).

Teleconnections of large scale ocean–atmosphere patterns were investigated as potential
climatic source of nonstationarity in annual maximum flood series. For NPO, statistically
significant relationship was observed with 6-months lead time, and for AO and NAO,
significant relationships were observed with 9-months lead time. But no statistically significant
relationships were found for PDO and NINO3. Since the relatively short flood series from
1956 to 2005, we did not use a 10-year window to smooth the series as used by Salvadori
(2013).

The small reservoirs on the upstream of Wangkuai reservoir coincided with the change
point in 1979 for annual maximum flood series. However, large numbers of check dams were
constructed after 1970, and no available data for these check dams. Therefore, the storage
capacity of the check dams and small reservoirs upstream was estimated by two similar large
flood events occurred in undisturbed and disturbed periods, respectively. The estimated storage
capacity was 3.95 mm, equals to 1489 million m3, larger than the total storage capacity (739
million cubic meters) of the small reservoirs. Because there are large numbers of check dams,
the estimated total storage capacity (1489 million m3) was considered reasonable. The
drainage area of the small reservoirs was 460 km2, and the estimated drainage area
(1304 km2) of the small hydraulic structures including the small reservoirs was larger, so the
result was considered reasonable as well. Although there were large numbers of check dams,
we presented a feasible method to estimate their storage capacity and drainage area. Based on
the assessed storage capacity and drainage area, human-induced indices, CDIp and CDIv, were

Table 5 The selected flood events during disturbed period and the estimated Ar/A

Flood events Maximum 3 h
rainfall(mm)

Observed discharge(m3/s) Calculated discharge(m3/s) Ar/A(%)

July 22, 1989 20.3 553.0 820.1 32.6

August 26, 1990 23.3 858.7 1267.0 32.2

July 8, 1994 19.8 497.2 773.7 35.7

August 18, 1999 15.5 291.8 468.9 37.8

Mean 34.6
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Fig. 6 Check dams and small reservoir indices in Wangkuai reservoir watershed

Evaluation of Nonstationarity in Annual Maximum Flood Series 1665



proposed which varied depending on the flood patterns. The new human-induced indices were
presented on the basis of RI proposed by Lopez and Frances (2013), but seemed more
reasonable. However, these two indices were formed under the condition that land use and
land cover kept invariant, and check dams and small reservoirs were dominant in the
watershed.

In watersheds where both land use/land cover change and large numbers of check dams
were dominant, new methods should be developed to estimate the storage capacity and
drainage area, and land use/land cover should be included as a control factor on flood series.
One example is the study made by Villarini et al. (2009b) who incorporated a population index
to describe the impact of land use changes in an urban watershed.

Future works should be focused on accounting for both natural and anthropogenic factors in
flood frequency analysis, especially using the human-induced indices proposed in this paper
and the large scale climate patterns. However, how to combine the two factors in a
comprehensive model is still not clear and it represents a major challenge for the scientific
community. Lopez and Frances (2013) provided an effective way, but at present there are no
long-term predictions for such climate indices as PDO, ANO, AO, and human-induced
indices.
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