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A Regional Approach of Decadal Assessment of Extreme Precipitation Estimates: A Case
Study in the Yangtze River Basin, China
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Abstract—Changes in overall observed precipitation have been
recognized in many parts of the world in recent decades, leading to
the argument on climate change and its impact on extreme pre-
cipitation. However, the concept of natural variations and the
complex physical mechanisms hidden in the observed data sets
must also be taken into consideration. This study aims to examine
the matter further with reference to inter-decadal variability in
extreme precipitation quantiles appropriate for risk analysis.
Temporal changes in extreme precipitation are assessed using a
parametric approach incorporating a regional method in region-of-
influence form. The index-flood method with the application of
generalized extreme value distribution is used to estimate the
decadal extreme precipitation. The study also performs a signifi-
cance test to determine whether the decadal extremes are
significant. A case study is performed on the Yangtze River Basin,
where annual maximum 1-day precipitation data for 180 stations
were analyzed over a 50-year period from 1961 to 2010. Extreme
quantiles estimated from the 1990s data emerged as the significant
values on several occasions. The immediate drop in the quantile
values in the following decade, however, suggested that it is not
practical to assign more weight to recent data for the quantile
estimation process. The temporal patterns identified are in line with
the previous studies conducted in the region and thus make it an
alternative way to perform decadal analysis with an advantage that
the scheme can be transferred to ungauged conditions.

Keywords: Regional frequency analysis, extreme precipita-
tion analysis, decadal analysis, hydrometeorology.

1. Introduction

The assessment of decadal variability in extreme
precipitation has an important role in climate change
research and subsequently in water resources man-
agement. The natural variability within the climate
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system as well as future changes can be evaluated
with such assessment (IPCC 2001). In addition, the
trends and oscillations in past extremes can indicate
whether any additional assumptions are needed when
estimating return period values of extreme precipi-
tation for engineering purposes.

Over the past few decades, a large number of
studies appear to find precipitation variability in
various parts of the world. Initial attention was given
to changes in mean precipitation (Turkes 1996;
Tsonis 1996; Gong and Wang 2000; Nichols et al.
2002). However, lately, a considerable number of
studies have been carried out on precipitation
extremes (Wang and Zhou 2005; Zhai et al. 2005;
Feng et al. 2007; Ntegeka and Willems 2008; Zhang
et al. 2008; Su et al. 2008; Chen et al. 2012; Das et al.
2013; Bengtsson and Rana 2014; Tabari et al. 2014;
Biilow et al. 2015; Tabari and Willems 2016), as
extremes in the form of heavy precipitation are
responsible for destructive hydrometeorological
phenomena. Two perspectives have emerged from
the analysis with respect to extreme precipitation.
Some studies found significant changes in some
regions, while a number of studies in other regions
found little variation that proved to be significant. For
example, Alexander et al. (2006) analyzed 600 pre-
cipitation stations worldwide for the period between
1901 and 2003. Extreme precipitation changes, in the
form of maximum 1-day precipitation, showed a
widespread and in some cases significant increase.
The analysis revealed that 28% of the stations had
exhibited significant increases, and were located
mainly in North America, Central Europe, Russia and
Southern Australia. About 50% of the stations
showed nonsignificant changes, mainly in Northern
and Southern Europe, and Northeast Australia. In
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recent decades, a number of regions have experienced
a significant rise in extreme precipitation, including
regions in Denmark (Biilow et al. 2015), Switzerland
(Scherrer et al. 2016), northwestern and southeastern
Iran (Tabari et al. 2014), the northeastern United
States (Huang et al. 2017) and Southern Brazil (Pe-
dron et al. 2017). On the other hand, studies by
Soltani et al. (2016) in Iran and Jung et al. (2017) in
South Korea found no significant changes in extreme
precipitation when they analyzed trends in annual
maximum precipitation.

In the case of China, several studies (e.g. Wang
and Zhou 2005; Zhai et al. 2005; Feng et al. 2007,
Zhang et al. 2008) have identified a significant
increase in extreme precipitation in East China, in
particular in the middle-lower reaches of the Yangtze
River Basin. However, Guo et al. (2013), who ana-
lyzed the regional characteristics of several extreme
precipitation indices in the Yangtze River Basin for
the period 1961-2010 using the non-parametric
Mann—Kendall (M-K) trend test, argued that there
was no general significant increasing or decreasing
trend based on their analysis of extreme precipitation
indices.

The above illustrates the need to acknowledge the
concept of natural variations and the complex phys-
ical mechanisms hidden in the observed data sets.
Several issues have been noted that must be addres-
sed when evaluating the soundness of fundamental
assumptions for detecting meaningful trends in
hydrometeorological analysis. Serial correlations
(Tabari et al. 2014) and size of records (Ntegeka and
Willems 2008; Willems 2013; Bengtsson and Rana
2014) were identified as components that can affect
the results. A regional response was also reported on
many occasions (Wang and Zhou 2005; Zhai et al.
2005; Alexander et al. 2006; Zhang et al. 2007; Guo
et al. 2014), which highlights the importance of
conducting such studies within a regional framework.

The most common way to evaluate temporal
variability is to apply statistical tools on time series
data. The M—K test (e.g. Alexander et al. 2006; Gocic
and Trajkovic 2013; Jiang et al. 2007; Zhang et al.
2008) and Spearman’s rtho (e.g. Yilmaz et al. 2014)
are widely employed methods in hydrometeorologi-
cal studies. The presence of correlation between
successive observations that affects the outcomes is a
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common problem with such methods (Tabari et al.
2014; Serinaldi and Kilsby 2016). Another approach
is the quantile perturbation method introduced by
Ntegeka and Willems (2008). The method is designed
to evaluate the temporal variability associated with
changes in the extreme quantiles. The technique uses
peak-over-threshold data in order to accumulate a
longer peak series in a decade. Although the method
has shown promising results, the uncertainty in esti-
mates can be large in some cases, in particular for
decadal analysis.

The present study uses a parametric approach in a
novel way to assess the temporal variability in pre-
cipitation extremes. A key problem in conducting
such analysis in a parametric framework is that a
limited number of data sets are available in a decade,
which is often inadequate for successful fitting with
the chosen statistical distribution function, producing
a considerable amount of uncertainty. This study opts
for a regional approach in which a large number of
gauged stations can be grouped for analysis, and thus
uncertainty can be minimized in a decadal estimate.
The L-moment-based regional approach is used, as it
is found to be adequate for the handling of correla-
tions and existence of outliers (Hosking and Wallis
1997). Using this method, the present study examines
the temporal behavior of decadal quantiles and
whether these quantiles are statistically significant in
comparison with the natural temporal variability.

The Yangtze River Basin, a key economic center
of China, is used as a case study in this research. A
range of studies have been conducted in this region to
examine trends and behavior in extreme precipitation
(Wang and Zhou 2005; Zhai et al. 2005; Su et al.
2006, 2008; Feng et al. 2007; Jiang et al. 2007; Qian
et al. 2007; Zhang et al. 2008; Liu et al. 2011; Chen
et al. 2012; Fu et al. 2013). The general outcome
reveals that the basin has a complex spatiotemporal
extreme precipitation structure. Also, assessment of
the changes in extreme precipitation is difficult
because of the dynamic nature of the underlying
mechanisms that control the overall precipitation
patterns of the region. Thus, the decadal quantile
pattern, which was not given much attention in earlier
studies, will provide new insight into the temporal
behavior of the Yangtze River Basin.
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2. Study Area and Data

The Yangtze River Basin, which occupies one-
fifth of the land area of China, is located primarily in
the subtropical zone. The basin is divided longitudi-
nally into three segments—upper, middle and lower
regions— from west to east in order to better cate-
gorize both the climatic and the hydrological
behavior of the region (Ju et al. 2014). The divided
regions correspond reasonably well with the decrease
in altitude. The regions, as displayed in Fig. 1 (station
57545 indicates roughly the beginning of the middle
region, and station 58424 indicates the beginning of
the lower region), have an average altitude of 2551,
627 and 113 m above mean sea level, respectively.

The climate of the basin is largely dominated by
the southwest and southeast monsoons and their
intersection with the northern cold air, which causes
variations in precipitation and produces heavy
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precipitation in some cases. Flooding due to extreme
precipitation is common in this region and causes
severe damage to society and property. The average
annual precipitation in the basin is approximately
1100 mm, but the spatial distribution of the precipi-
tation is highly asymmetrical, varying from
300500 mm in the western region to
1600-1900 mm in the eastern region (Guo et al.
2012). The length of the basin’s primary stream
(Yangtze River), which originates from the Tanggula
Mountains in the Tibetan Plateau and flows east into
the East China Sea, is around 6300 km, and the total
drainage area is about 1,800,000 km?> (Juet al. 2014).

Daily precipitation data are available for 180
stations in the Yangtze River Basin (see Fig. 1). Data
for five decades from 1961 to 2010 were obtained
from the National Meteorological Information Center
of the China Meteorological Administration. The
annual maximum (AM) 1-day precipitation series
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Figure 1
Location of gauged meteorological stations in the Yangtze River Basin. The highlighted stations were used for significance assessment. The
different colors indicate the positioning of stations in different zones of the basin (green for upper, blue for middle and red for lower basin)
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Table 1

Decadal data sets used in this study

Decade Period of record No. of stations available
1960 1961-1970 163
1970 1971-1980 165
1980 1981-1990 161
1990 1991-2000 157
2000 2001-2010 151

were extracted from the data sets. It should also be
noted that the years with missing data were omitted
from the analysis where necessary. Not all the data
sets have the full five decades of data. Table 1 reports
the number of stations that are recorded for each
decade. It was found that 144 stations have the full
five decades of AM data.

3. Methodologies

This study aims to determine the temporal effect
on the quantile estimates obtained by data divided
into decades. The quantiles are estimated based on
annual maximum (AM) data series which is standard
in hydrological frequency analysis (Hosking and
Wallis 1997; Institute of Hydrology 1999; Svensson
and Jones 2010; Das 2018a). The AM series which is
defined as Py, P3,..., P,, where P; is the maximum
precipitation of a certain duration occurring in the ith
year, is assumed to be a random sample from some
underlying distribution. As limited data sets are
available from which to estimate quantiles for a
decade, a regional frequency analysis is considered.
A region-of-influence (ROI)-based regional approach
(Burn 1990) is employed to assess the temporal
behavior with reference to decadal quantile values.
The ROI method is attractive because it minimizes
the uncertainty of the estimates compared with cases
when an at-site method is used based on limited data
sets (Institute of Hydrology 1999; Das 2017). The
procedures related to the method are given in the
following subsections (Sects. 3.1-3.3).
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3.1. ROI Method of Forming Groups

The ROI approach is a site-specific approach
where a homogeneous pooling group of gauged
stations is delineated for that particular site. It is
recognized as being superior to the traditional
geographical approach (Institute of Hydrology
1999; Das 2017) in the sense that the traditional
one selects fixed homogeneous regions in which each
gauging station in a region has the same regional
information except for a site-specific scaling factor
(i.e. index precipitation). In that case, stations at the
border line between regions may face some incon-
sistencies. The ROI approach, on the other hand, was
designed primarily to avoid such inconsistencies at
the boundaries of regions involved in the traditional
approach.

The grouping of stations in the ROI is completed
by a similarity distance measure which defines the
closeness of the subject and pooled sites in the site
descriptor space. The Euclidean distance in the site
descriptor space is commonly used to estimate
similarity between sites (Burn 1990; Institute of
Hydrology 1999; Das and Cunnane 2012). The
distance (d;;) is measured from site j (pooled site) to
site i (subject site) as follows:

dij = \/Z e (Xer = Xiej), (1)
k=1

where n is the number of descriptor variables, X; ;, i is
the value of the kth variable at the ith site and wy is
the weight applied to descriptor k, reflecting its rel-
ative importance.

Geographical (e.g. location coordinates, eleva-
tion) and climatological descriptors (e.g. annual
average precipitation) are generally used in the
distance measure calculation (Institute of Hydrology
1999; Gaal and Kysely 2009; Das 2017). Another
important thing to consider regarding the ROI
procedure is the size of the group. The 5T rule
suggested by the Institute of Hydrology (1999) is a
common practice, which is the total number of data in
terms of station years to be included when estimating
that the T-year return period value should be at least
ST.
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3.2. Homogeneity Assessment

The delineated group, however, needs to pass a
homogeneity test as the homogeneity criterion
improves the accuracy of the estimates (Hosking
and Wallis 1997; Viglione et al. 2007). The hetero-
geneity measure, H1 by Hosking and Wallis (1993),
is generally used to test the homogeneity in such
cases. The test is based on the L-coefficient of
variation (f,) which is an L-moment statistic. A
detailed description about the L-moments can be
obtained from Hosking and Wallis (1997). The test
evaluates the sample variability of #, among the
samples in the pooling group and compares it with
the variation that would be expected in a homoge-
neous pooling group. The measure of the sample
variability, Vi, is defined as follows:

M M 1/2
Vi= > mlG -4 . @
i=1 i=1
where £5 is the group average of 1,; #, and n; are the
values of the L-coefficient of variation and the sam-
ple size for site i, respectively; and M is the number
of sites in the pooling group.

The expected variation in the homogeneous group
is calculated by carrying out a simulation based on
kappa distribution. The heterogeneity measure, Hy, is
then evaluated as follows:

H = (V1 - /“)1)7 (3)
av1
where uv; and ov; are the expected mean and the
standard deviation, respectively, of V| for the
homogeneous group.

According to Hosking and Wallis (1997), a
pooling group is considered to be “acceptably
homogeneous” if H; < 1, “possibly heterogeneous”
if 1 <H; <2, and “definitely heterogeneous” if
H, > 2. However, dealing with extreme precipitation
data, Wallis et al. (2007) suggested a revised
guideline: an H; value less than 2.0 may be consid-
ered acceptably homogeneous, and an H; value
greater than 3.0 would be indicative of heterogeneity.
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3.3. Quantile Estimation

Upon formation of a homogeneous group, the
pooled AM precipitation series were used to perform
frequency analysis based on the index-flood method
(Dalrymple 1960). With this method, the extremes in
terms of return periods, Pz, are calculated by
multiplying the growth curve, X7 (dimensionless
variate), with the index rainfall, P;, as follows:

Pr = P; x X7. (4)

In this study, the median (median value of the
subject site’s AM series) is used as the index value
(P;) which is recommended by the Institute of
Hydrology (1999). The estimation of Xj, which
shows the relation between X7 and the return period
(T), requires a suitable probability distribution func-
tion to be identified. The L-moment ratio (LMR)
diagram (Hosking and Wallis 1997) is often used as a
diagnostic tool to identify an appropriate distribution
in hydrometeorological studies. The AM data sets
were investigated with the LMR diagram which is
shown in Fig. 2. The diagram identified generalized
extreme value (GEV) as the most suitable distribution
for describing the AM precipitation data for the
Yangtze River Basin. Hence, the GEV is used to
complete the estimation procedure in this study.

The X7 is derived based on the data from stations
of an ROI pooling group. The estimation of growth
factor (X7) at a particular return period using the GEV
distribution has the following form (Das and Cunnane
2011):

Xr=1 +§ ((mzk) - <ln<%>>k> (5)

The two parameters f§ and k are estimated using
the method of L-moments (Hosking and Wallis
1997):

2 In2
3+4& In3

(6)

k = 7.8590¢ + 2.9554¢? in which ¢ =

k&
B +k)— (In2)") + T(1+k)(1 —27%)
(7)

p=
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Figure 2
L-moment ratio diagram for annual maximum (AM) 1-day precipita%ion series for 180 stations in the Yangtze River Basin. Theoretical lines
for five 3-parameter distributions, namely generalized logistic (GLO), generalized extreme (GEV), Pearson type 3 (PE3), generalized normal
(GNO) and generalized Pareto (GPA), and theoretical points for two 2-parameter distributions, normal (N) and Gumbel (G), are indicated in
the diagram. The average value of the L-moment ratios falls on the theoretical line of the GEV distribution

where X is the pooled/regional L-coefficient of
variation (LCV), t§ the pooled L-skewness and I the
complete gamma function.

The pooled estimate of LMRs based on the ROI
method is derived as follows:

U
= (8)

where {7F is the pooled LMR (either 1, or #3) for the
target site, i; ¥ is the LMR for the ith most similar
site and w;; is a weighting coefficient. The weight is

estimated based on d;; values (Kay et al. 2007):

WijZI—S,'j

0 if di=0 9)
where S; = Y .
v { dij/di,max if dl] ;é 0
4. Analysis

4.1. Decadal Quantile Estimation

A step-by-step procedure based on the ROI
regional method for estimating decadal quantile
values is described below:

1. Annual maximum (AM) precipitation of 1-day
duration (measured in depth in mm) is extracted
from a daily precipitation data series. The decadal
series are then obtained from the full-length AM
series.

2. A suitable site descriptor is selected in the

Euclidian distance measure to pool data sets from
available stations. Geographical proximity (geo-
graphical coordinates) is used in this case. Similar
types of descriptors have shown promising results
in delineating homogeneous groups in several
ROI-based extreme precipitation studies (Reed
et al. 1999; Kysely et al. 2011; Das 2018b). The
use of such descriptors has several advantages in
this study context. Firstly, it would not change
over time, thus making it suitable for decadal
analysis. Secondly, the procedure can be trans-
ferred to ungauged conditions, as location is the
only requirement for pooling of data sets.

3. A pooling/regional group of a particular decade

for a subject station is selected from gauged
stations that are available in that particular decade.
The heterogeneity measure in terms of H1 is then
used to assess homogeneity for that particular
group. Although the delineation of a homogeneous
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group is recommended, a moderately delineated
heterogeneous group (H; < 4.0) has still proved to
be advantageous with such regional approach (Das
and Cunnane 2012).

4. Upon successful formation of a group, the fre-
quency analysis is performed for a specific decade
for that subject site. With this technique, a
sufficient number of AM data are available for a
specific decade to achieve an accurate estimate.
This study uses a quantile at a 50-year return
period value for the temporal assessment. The
5T rule in this context will require accumulating
about (5 x 50) 250 years of records in a group,
which will necessitate the inclusion of at least 25
stations per group for decadal analysis. The
estimation beyond 7 = 50 years will require a
large number of stations, which may compromise
the homogeneity of the group, according to
Hosking and Wallis (1997). Thus, extreme values
at a 50-year return period are assessed in this
study.

5. A suitable probability distribution, in this case,
GEV, is employed to estimate growth factor (Xsq)
at a 50-year return period using Eq. (5). Finally,
the quantile estimation (Psg) is completed using
Eq. 4).

4.2. Significance Assessment

The assessment is conducted to examine whether
the estimated decadal values are statistically signif-
icant compared with the natural variability exhibited
at an individual station. In this study, confidence
intervals are constructed to test the hypothesis of
observed changes being solely caused by natural
variability. Confidence intervals outline a region of
natural variability in precipitation extremes. Thus,
any value outside the confidence bounds is consid-
ered to be statistically significant, whereas the value
within the bounds is statistically nonsignificant. A
parametric Monte Carlo method is used to outline the
confidence intervals. The Monte Carlo simulation is
performed with the GEV distribution which is
suitable for the region. With this approach, the
confidence intervals are outlined for a full-length
(long) historical series which is taken as the baseline
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series. The use of long historical series is assumed to
provide a true representation of the population data in
this experiment. After assessing the decadal values
using the ROI regional approach, the confidence
intervals are estimated based on baseline data and
plotted on the same chart. Hence it is visually feasible
to detect periods that demonstrate significant depar-
tures under the hypothesis of no trend.

5. Results

The primary goal of this study is to assess the
temporal effects on quantiles estimated using data
divided into decades. The method described in the
previous sections is applied to identify anomalies in
the decadal estimates. The study uses a dimensionless
growth factor (see Eq. 4) to identify any general
trends and oscillations in the estimates for the whole
region. The decadal quantile, on the other hand, is
used to detect whether these estimated values are
significant for a particular station. In all cases, the
effect on the growth factor at a 50-year return period
(Xs0) and associated quantile (Psy) have been
assessed.

The ROI-based estimation is carried out by
forming groups for each subject station using the
geographical proximity criterion. The heterogeneity
measure is then evaluated for each group. An illus-
tration of the ROI procedure in forming groups is
described in Fig. 3 for station 57545. Group members
in each decade and their heterogeneity measures are
shown there. According to this ROI scheme (i.e.
grouping based on geographical proximity), every
decadal group should have the same group members.
However, because not all the stations have the full
decadal series (see Table 1), a slight variation is
found in each case, which is ultimately reflected in
the heterogeneity measure. Because of this, it can be
said that this approach allows for good use of the
available decadal data a station possesses.

Growth factors are estimated for each decade for
144 stations. Figure 4 presents X5y values for each
decade as well as the HI values in a box-plot
arrangement. Each box plot contains 144 values. The
average value displays an oscillation pattern, with
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ROI pooling groups formed for different decades for ST57545
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Figure 3

An illustration of ROI groups formed for each decade for station 57545. The subject station 57545 is indicated by a red circle, while pooling
group members are indicated by a green circle. The heterogeneity measure, H1, is also reported for each group

decade 1970 experiencing the lowest average value
and decade 1990 experiencing the largest average
value. The upward trend in the average value of X5,
in decade 1990 is the result of the occurrence of
extreme precipitation caused by climate factors, such
as the southwest and southeast monsoons during that
period in the Yangtze River Basin. This explains to
some degree the intensification of flooding in the
1990s as noted by several studies (Jiang et al. 2007;
Su et al. 2008).

Similar temporal behavior through the 1990s was
observed in several studies (Gong and Wang 2000;
Zhang et al. 2008), in which a negative precipitation
(mean as well as extreme) trend was identified for the
1960s—1970s, and subsequently a positive trend for
the 1980s—1990s. The trend, however, as this study

found, decreased in the following decade
(2001-2010). The illustration of the oscillation pat-
tern in extremes over the whole region demonstrates
what may occur in the coming decades. Given the
nature of the extreme variation, it is suggested not to
assign more weight to recent data for estimating
return period values of extreme precipitation. The
overall highlight that the precipitation
extremes have experienced strong decadal variability
over the past 50 years.

The box plots of H1 values show that, in the
majority of cases, the HIl values are less than 2,
signifying that the pooling groups formed based on
geographical proximity are homogeneous in nature,
and thus offer reliable estimates. However, it is
observed that the average values of H1 are slightly

results
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Figure 4
Box plots of decadal variation in the growth factor at a 50-year return period (X50) and the associated heterogeneity measure (H;). The average
value is indicated by a blue circle in both cases. Each box plot consists of values obtained from each individual station’s pooling group

higher in decades 1990 and 2000 than the decades
that precede 1990, suggesting that the variation in
AM data in those decades (1990 and 2000) is slightly
higher. This also implies that the extremes in those
decades occur more frequently.

Whether these extremes in the case of an indi-
vidual station are statistically significant can be tested
using the procedure described in Sect. 4.2, which
would support evaluating the possibility of climate
change impacts during the most recent decades. A
number of stations shown in bold in Fig. 1 were
chosen to demonstrate the procedure. They are spa-
tially positioned in various locations of the basin
from west to east. This would help to determine
whether any spatial variability exists in the extremes.
The stations belong to the upper (ST56167, ST56571,
ST57614, ST57313), middle (ST57545, ST57766,
ST57574, ST57598, ST58506) and lower (ST58424,

ST58345, ST58436) basin. The categorization of the
Yangtze River Basin into upper, middle and lower
can be found in Ju et al. (2014), which represents the
varying climatic as well as hydrological behavior of
the region. The heterogeneity measures of the groups
formed for these stations are presented in Table 2,
which shows their homogeneous nature according to
the guidelines presented in Sect. 3.2. Except for sta-
tion 56167’s group, which shows some degree of
heterogeneity, the stations’ groups are quite homo-
geneous. The reason the groups formed for station
56167 became heterogeneous is due to the fact that
the station is located in the far upper region, a distinct
climatic region, where fewer gauged stations are
available. This allows station 56167 to include a
number of stations from other climatic regions to
fulfill the 25-stations-per-group framework, which
may introduce heterogeneity into the groups for the
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Table 2

Heterogeneity measure for selected stations

Station Heterogeneity measure, H,
D60 D70 D80 D90 D2000
ST56167 (initial 1.63 2.59 32 3.49 3.03
group)
ST56167 (modified 1.63 2.59 2.89 2.94 2.62
group)
ST56571 1.075 0925 2.094 214 1.987
ST57614 —0.031 0934 —-0.031 1.253 2.752
ST57313 —0.637 0222 —-0.797 1.582 2.159
ST57545 0.474 1917 —0.439 —-0.443 1.778
ST57766 -0.469 0313 —0.002 0.17 0.347
ST57574 1.374  0.265 —1.041 —0.202 0.019
ST57598 1.943 —-0.491 —-1.122 097 —-0.227
ST58506 1.362 —0.127 —0.904  0.03 0.478
ST58424 0.162 —0.039 —0.095 1.623  1.947
ST58345 0.793 —0.13 0.543  1.816  0.942
ST58436 —0.362 —0.29 1.165 1.719  1.366

decades considered. For that reason, a modification is
made to the heterogeneous groups formed for station
56167. The modification of a heterogeneous group to
become a homogeneous group is a common practice
in regional frequency analysis (Burn 1990; Hosking
and Wallis 1997; Institute of Hydrology 1999). As it
was observed that the homogeneity criterion was not
met for decades 1980, 1990 and 2000, an adjustment
was carried out in such cases. The station which just
qualified as a member of the pooling group (geo-
graphically the farthest from the subject station
56167 in this ROI scheme) was excluded in each
case, which sees the heterogeneity, H; to fall
below 3.0, thus satisfying the homogeneity. The H1
values based on the 24-member group in those cases
are reported in Table 2.

The estimated decadal quantile as well as the
growth factor and index precipitation (median value
of AM series) are shown in Fig. 5. The greatest
estimates were obtained in the middle part of the
basin and in decade 1990. A similar pattern was
observed for the growth factor. However, no notice-
able pattern was found for the median value,
indicating that the different statistical measures can
influence the outcome of the temporal variability.

To test the significance, the decadal quantiles
along with the confidence intervals are displayed in

Pure Appl. Geophys.

Fig. 6 for the considered stations. The confidence
intervals represent the 95% bounds of natural varia-
tion under the null hypothesis of no trends. The
hypothesis is rejected if the values fall outside these
intervals. Based on this assessment, decades of sta-
tistically significant value can be identified. The
variations in quantiles for the 1960s are within the
confidence limits for the represented stations, indi-
cating that nonsignificant anomalies in precipitation
extremes are common in this decade for the Yangtze
River Basin. Similarly, nonsignificant quantiles are
found for the 1970s and 1980s. The decadal values
for the 1990s provide the largest values for the
middle region. In many cases, they are found to be
significant, which explains the frequent occurrence of
floods in the 1990s. These floods were documented in
several studies (Gong and Ho 2002; Su et al. 2008),
where it was reported that enhanced precipitation in
the 1990s led to the occurrence of frequent flooding
along the Yangtze River, such as floods that occurred
in 1991, 1996, 1998 and 1999, causing huge losses to
people and society. The estimated decadal values are
statistically significant for ST57614, ST57545,
ST57766 and ST57574, in which the extreme pre-
cipitation quantiles are more than 25% higher than
those based on the full time series. The decadal
quantile value for the decade 2000 was found to be
the largest for ST58345 in the lower basin, but it did
not prove to be significant. The extreme quantiles in
the decade 2000 were not statistically significant in
the remaining subbasins. Overall, there is evidence of
significant decadal quantiles in precipitation extremes
in the Yangtze River Basin which are generally
observed in the 1990s and in the middle region, while
in the far upper basin there are no such significant
anomalies found for any decade. This is in line with
the long-term trends reported for extreme precipita-
tion observations in this region (Zhang et al. 2008;
Liu et al. 2011; Fu et al. 2013).

6. Conclusion and Discussion

This study demonstrates how a regional frequency
approach in ROI form, coupled with the index-flood
method, can be used to examine the decadal vari-
ability in precipitation extremes. The methodology is
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Decadal values of growth factor (Xs), index precipitation (median value) and quantile estimate (Psq) for selected stations shown in Fig. 1.
Each decade is represented by a different color indicated in the plot

applied to the Yangtze River Basin, where annual
maximum 1-day precipitation data from 180 stations
over a 50-year period from 1961 to 2010 were ana-
lyzed to study the decadal patterns.

The overall pattern was investigated by the
growth factor estimated using the ROI approach. The
average value showed a strong oscillation pattern,
which was largest in decade 1990. The significance
test was conducted on a selected number of stations
in different areas of the basin to investigate whether
the changes in the decadal quantile were significant.
The quantile values in decade 1990 emerged as the
largest in the middle region of the basin, with some
values proving significant. Quantiles from other

decades emerged as the largest in the upper and lower
regions of the basin (e.g. ST56167, ST58345), but
they were not found to be significant. The significant
quantiles in the 1990s over the middle region were
more than 25% higher than those based on the full
time series. The overall results indicate that precipi-
tation extremes have experienced strong decadal
variability over the past 50 years. A possible reason
for this variability, as pointed out by Liu et al. (2011)
among others, may relate to changes in the monsoon
circulation due to sea surface temperature (SST)
warming over the Indian and western North Pacific
oceans, and climate variation over the tropical Pacific
region. However, it is also acknowledged that there is
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Significance assessment for selected stations. 50-year decadal quantile (Psp) values (red dots) together with baseline (green line) and
associated 95% confidence intervals (blue and purple line) are displayed in the same plot. The baseline is constructed based on a full AM
series for the particular station in question

still a long way to go to achieve a comprehensive
understanding of the laws of the inter-decadal chan-
ges. A potential future study could compare monsoon
intensity over the decades. This may elucidate the
main process (or mechanism) that contributes to
extreme precipitation variation in this particular
region.

Thus, although the results indicate that significant
values were obtained in several cases when estimating
extreme quantiles from data for the 1990s, the imme-
diate decline in the quantile values in the following
decade suggests that it is not practical to assign more
weight to recent data sets for frequency analysis. It is

therefore recommended not to exclude data for any
decade from the quantile estimation process.

This study is based on precipitation measured at
gauged locations. Recent studies show that mea-
surement errors, specifically snow measurements
(Rasmussen et al. 2012; Gultepe et al. 2017) and
mountain observations (Gultepe et al. 2014), can
influence the overall results in the assessment of
extreme precipitation variability. Hence it is sug-

gested that future studies should consider
measurement errors in such analyses.
The advantage of the method is that the

scheme presented in this study requires only location
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information to form pooling groups; thus, the method
can be transferred to an ungauged site. Therefore,
conducting similar studies at ungauged locations,
particularly in remote areas, will lead to a better
understanding of the trends and patterns of the
quantiles in extreme precipitation. It is recommended
that further studies be conducted on the reliability of
the procedure in other regions and employing other
historical series of hydrometeorological variables.
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