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Abstract. Between 25th July and 19th August 2013, Amur River basin received some of its most extreme
precipitation on record. The floods caused by the heavy rain brought affected Amur River and its 4 major
tributaries. Hailun and Hailar stations break daily maximum precipitation record with 153.6 mm in 30th
July, and 85.8 mm in 27th July, respectively. Based on daily precipitation observations at 25 stations from
1954 to 2014, the trends, periodicities and abrupt changes of five extreme precipitation indices in Amur
River basin were investigated to the Spatiotemporal Characteristics of the extreme precipitation. Area-
averaged annual total wet-day precipitation (PRCPTOT), maximum 1-day precipitation amount
(Rx1day), maximum 5-day precipitation amount (Rx5day), very wet days (R95) and extremely wet days
(R99) had non-significant trends. By wavelet analysis for annual PRCPTOT, Rx1day, Rx5day, R95 and
R99 series, the real part wavelet phase of main periods were mostly located at positive peaks in 2013,
which were corroborated by abrupt change analysis. Multi-cycle superimposition of main periods is
possibly the main cause for extreme precipitation in 2013. The record-breaking daily precipitation data
improve 100-year recurrence interval (111.47 mm) to 130.61 mm in Hailun and raise 100-year recurrence
interval from 78.95 mm to 87.91 mm in Hailar.
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Introduction

Climate change is a severe issue all around the world, which received a lot of
attention. The studies in the mean value for temperature and precipitation have made
very rich and detailed achievements in different regions, such as China (Qian and Zhu,
2001; Shi et al., 2007), Italy (Moonen et al., 2002), Iran (Tabari and Talaee, 2011),
Chile (Kumar et al., 1992), and South Africa (Minetti et al., 2003). The extreme climate
events always accompanied by the disasters and the life and property losses directly
(Easterling et al., 2000a; Changnon et al., 2000; Griggs and Noguer, 2002), attracts
more and more interests of international organizations and scientific research personnel
in recent years (Allen et al., 2015; Bordi et al., 2007; Furié and Meneu, 2011). Extreme
events, generally defined as the extreme low or high values in the range of observation
data (Field et al., 2012), are considered more important and necessary than the study of
the mean values referred to human and natural system (Aguilar et al., 2009; Katz and
Brown, 1992). As climate changes present poor-rich effects on different regions, the

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(5):10655-10669.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1705_1065510669
© 2019, ALOKI Kft., Budapest, Hungary



Yan et al.: Evaluation of spatiotemporal characteristics of precipitation extremes variations in Amur River Basin
- 10656 -

intensity and frequency of the extreme events also show different variation
characteristics on geographically. In particular, the extreme precipitation indices present
both negative and positive trends in India (Revadekar and Preethi, 2012; Preethi et al.,
2011) and China (Wang and Zhou, 2005; Fu et al., 2013). It is generally that the
changes in precipitation is the result of global atmospheric circulation in large spatial
and temporal scales (Trenberth, 1999), and easily affected by monsoon (Li and Liu,
2006; Turner and Slingo, 2009), the Arctic Oscillation (Scaife et al., 2008), El Nifo
(Easterling et al., 2000b; DeFlorio et al., 2013) and other factors in the small term, but
the relations between extreme indices and these factors are not the focus in our analyses
and detailed research will be considered in future.

As one of the most important international rivers in East Asia with plenty of water,
vast area and diversity of ecological features, Amur River has been concerned
universally. The main factor caused the 2013 flood is the big amount of moisture poured
on the Amur River basin, influenced by the East Asian monsoon, the Siberia High,
high-pressure of the Pacific Ocean, the Arctic oscillation (AO) and so on (Danilov-
Danil’yan and Gel’fan, 2014). Therefore, it is necessary to explore the spatiotemporal
characteristics of the extreme precipitation events and take measures to cut back the
damage from the events.

The five extreme precipitation indices were chosen to identify the changes of
extreme precipitation events firstly: PRCPTOT, Rx1lday, Rx5day, R95 and R99, which
were recommended by World Meteorological Organization (WMO), United Nations
Environment Programme (UNEP), et al. (Tao et al., 2018; Li et al., 2018). Secondly, the
Mann-Kendall test was used to calculate the magnitude of the trends for five extreme
indices, and evaluate whether the trend is significant or not. Then the periodicities of the
extreme indices were analyzed by wavelet transform, and the abrupt changes were
detected by Mann-Kendall method. Compared with the results of the trends and
periodicities, the changes of the five extreme indices time series were analyzed, and the
changes could partly reveal the causes of the 2013 extreme precipitation. Finally, the
extent of the 2013 extreme precipitation was measured by analyzing the typical station,
and some conclusions were given. This paper aims to provide a reference for
international river-related countries to deal with extreme weather events through the
study of extreme precipitation in the Amur River Basin.

Study area and data
Study area

The Amur River (Fig. 1), with the other name as Heilong River in Chinese, has the
tenth largest basin area on earth (Nicholson et al., 2014). The Amur River basin has an
area of 1.86 million km? which covers the territories of Mongolia, Russia, China and
North Korea. In addition to its transboundary location, the Amur River basin can be
characterized by contrasts between other geographic aspects: Russia and Asia;
continental and monsoon climates; and southern dense and northern sparse populations.
The climate of eastern Amur basin is humid monsoon temperature climate, which
impact can reach the northernmost latitude on earth (Semenov et al., 2014; Yu et al.,
2013). The climate of areas in the west of this basin (upper reach of the Amur River) is
sheltered from monsoon influence and arid. The arid western portion of this basin is
smaller compared with the more humid eastern portion.
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Figure 1. Locations of the 25 meteorological stations in the Amur River basin

Long-term observed precipitation data

The daily precipitation data from 1954 to 2014 were collected in 25 stations of which
the 12 stations in China and 13 stations in Russia. Figure 1 presented the geographical
location of the stations and more information were shown in Table 1. The Chinese
station data was provided from the National Climate Center, China Meteorological
Administration, and the station data of Russia came from Russian Federal Service for
Hydrometeorology and Environmental Monitoring. The data collected from
authoritative departments in China and Russia are measured daily data of
meteorological sites. Data quality control is necessary in the calculation and detecting
the trends and periodicities of the extreme precipitation indices (Huang et al., 2013; You
et al., 2014), although these data has been detected by primary quality control. The
RHtestV.4 software package (http://etccdi.pacificclimate.org/software.shtml) was
employed for homogeneity assessment (Wang, 2008a, b; Wang and Feng, 2013).

Methodology

In this study, five indices were chosen for variations evaluation of the extreme
precipitation in Amur River basin, the definitions of these indices were presented in
Table 2, and all these indices are from the core indices which were recommended by the
Joint CCI-CLIVAR Expert Team for Climate Change Detection Monitoring and Indices
(ETCCDMI) and applied in different countries (Liu et al., 2015; Altinsoy et al., 2013).
These indices were used widely to study the variations of extreme climate events in
many regions of the world.
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Table 1. List of 25 stations used in the study

WMO number Station Latitude (°N) | Longitude (°E) Altitude (m)
30673 Mogoca 53.75 119.73 624
30758 Chita 52.08 113.48 671
30879 Nerchinskij Zavod 51.32 119.62 621
30949 Kyra 49,57 111.97 907
30965 Borzja 50.40 116.52 675
31253 Bomnak 54.72 128.87 365
31329 Ekimchan 53.08 132.98 540
31388 Norsk 52.35 129.92 207
31439 Bogorodskoe 52.38 140.47 33
31538 Sutur 50.07 132.13 343
31562 Nizhnetambovskoe 50.93 138.18 20
31735 Habarovsk 48.57 135.17 75
31845 Krasnyj Jar 46.53 135.32 128
50136 Mohe 52.97 122.52 433
50353 Huma 51.72 126.65 177
50527 Hailar 49.27 119.75 610
50557 Nenjiang 49.17 125.23 242
50564 Sunwu 49.43 127.35 235
50727 Aershan 47.17 119.93 997
50745 Qigihar 47.38 123.92 147
50756 Hailun 47.43 126.97 239
50788 Fujin 47.23 131.98 66
50963 Tonghe 45.97 128.73 109
54094 Mudanjiang 4457 129.60 241
54161 Changchun 43.90 125.27 237

Table 2. Definitions of five precipitation indices

Index Indicator name Definitions Units
PRCPTOT Annual total wet-day precipitation Annual total PRCP in wet days (RR > 1 mm) mm
Rx1day Max 1-day precipitation amount Monthly maximum 1-day precipitation mm
Rx5day Max 5-day precipitation amount Monthly maximum consecutive 5-day precipitation | mm
R95 Very wet days Annual total PRCP when RR > 95th percentile mm
R99 Extremely wet days Annual total PRCP when RR > 99th percentile mm

The RClimDex software was employed to carry out the calculation of extreme
precipitation indices. The non-parametric Mann-Kendall test (Ahmad et al., 2015; Yin
et al., 2016; Yue et al., 2002) was used to estimate the magnitude of indices trend and
verify whether the trend is significant. The Kendall slope is computed as Equation 1:

L= Median(xi_ jjj (Eq.1)

Where 1 <j<i<n and g indicates the trend rate, and the unit is mm/year in this
study. The threshold of significance test was set to 0.05 when assessing the trends of
extreme indices.
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Wavelet analysis (Lau and Weng, 1995), as an effective method to detect the
periodicity in time series, was used to explore the extreme precipitation indices time
series. In this study, Morlet wavelet was as the mother wavelet, to participate in the
wavelet transform (Liu et al., 2015; Dai et al., 2003). The original data should be z-score
standardized to eliminate the randomness before wavelet transform. The continuous
transform is computed as Equations 2—4:

W, (a0 = 2 [ 1 o (D) (Eq2)
w(t) = e e t/? (Eq.3)

oo 2
Var(a) = [ W, (a—b)| db (Eq.4)

Where f(t) is the extreme precipitation indices times series, Wt(a,b) is the coefficient
of wavelet transform, a and b are scale and time parameters, respectively. w(z) is the
morlet wavelet function, and Var(a) reveals the fluctuations of a in the annual indices
series. When ¢ = 6.2, the periodicity 7'~ a, so ¢ was set to 6.2 in this study. By the graph
of Var(a) varying with a, the main periodicities can be marked by the peaks
corresponding to a.

The generalized extreme value distribution (GEV) (Furi6 and Meneu, 2011; Burke et
al., 2010), derived from the characterization of extreme event, was employed to fit the
annual Rx1day series. The distribution formula is computed as Equation 5:

-y
G(Z;ﬂ,é’,ai):exp{{“i(%ﬂ } (Eq.5)

Defined on {z:1 + §(z—p) / 6 >0}, —oo <p <o (location parameter), ¢ >0 (scale
parameter) and —oo < & < oo (shape parameter). The profile likelihood method is more
reasonable to be used to estimate the multi-year return levels and 0.95 confidence
intervals, compared with the maximum likelihood method (Huang et al., 2013).

Results and discussion
General characteristics of precipitation extreme indices

The changes of Percentage of precipitation anomalies in the area-averaged time
series for five extreme precipitation indices were shown in Figure 2, and the basic
statistical data was performed in Table 3. The changes of 5 indices are almost
consistent, while the R99 fluctuate severely. The anomaly percentage of R99 varies
from 73.50 to -80.76, while other indices fluctuate between -30 and 30. In particular, the
variation coefficient (0.30) of R99 is largest, while PRCPTOT, Rxlday, Rx5day, and
R95 are 0.10, 0.08, 0.09 and 0.18, respectively.

Figure 3 shows the distribution for the multi-year mean of extreme precipitation
indices from 1954 to 2014 in the Amur River basin. Most of the extreme precipitation
events generally occurred in the southeast of the Amur River basin, while the south area
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are higher than other area for Rx1day. Spatially, the maximum value of the multi-year
mean of extreme precipitation indices generally occurs in the south, while the minimum
value generally occurs in the north. Specifically, the maxima of PRCPTOT, R95 and
R99 occur in Krasnyj Jar Station (southeast of the basin), and the maxima of Rx1day
and Rx5day occur in Changchun Station (southwest of the basin). The minima of
PRCPTOT, Rxbday, R95 and R99 occur in Kyra Station (northwest of the basin), and
the minimum value of Rxlday occurs in Mogoca Station (northwest of the basin).
Particularly, the distributions are similar to the distribution pattern of the annual
precipitation in Liu’s view, although his study area is just one part of the Amur River
basin (Liu et al., 2015).

80 —&— PRCPTOT —B— Rxlday Rx5day R95

Percentage of precipitation anomalies (%)

2014

Time Time Time

Figure 2. Percentage of precipitation anomalies changes in the time series for five extreme
precipitation indices during 1954 to 2014 (comparison with the averages of 1954~2014).
(PRCPTOT-annual total wet-day precipitation, Rx1day-maximum 1-day precipitation amount,
Rx5day-maximum 5-day precipitation amount, R95-very wet days, R99-extremely wet days)

Table 3. Statistical information for five extreme precipitation indices time series

. Mean | Standard | Coefficient of | Coefficient of | Maxima | Minima | Range Range/
Indices o . o mean
(mm) | deviation kurtosis variation (mm) (mm) | (mm) (%)

PRCPTOT| 500.69 | 49.16 -0.19 0.10 619.28 | 399.27 |220.01| 43.94
Rxlday | 46.84 3.86 0.03 0.08 56.26 38.7 17.56 | 37.49
Rx5day | 78.86 7.19 -0.26 0.09 98.79 66.56 | 32.23 | 40.87
R95 12475 | 22.24 -0.05 0.18 180.88 82.38 | 98.50 | 78.96
R99 39.66 11.91 0.54 0.30 68.81 7.63 61.18 | 154.26
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Figure 3. Spatial distribution for the multi-year mean of extreme precipitation indices from
1954 to 2014 in the Amur River basin (unit mm). (PRCPTOT-annual total wet-day
precipitation, Rx1day-maximum 1-day precipitation amount, Rx5day-maximum 5-day
precipitation amount, R95-very wet days, R99-extremely wet days)

Trends of extreme precipitation indices

For the five indices, the area-averaged trends are weak and statistical non-significant,
the Kendall slopes for PRCPTOT, Rx1day, Rx5day, R95 and R99 are -0.28, 0.02, -0.04,
0.01 and 0.09 mml/year, respectively. For the spatial trends results (Fig. 4), only
Nizhnetambovskoe station, the trends of Rx1day, Rx5day, R95 and R99 are notable and
positive significantly, while the other stations fluctuate weakly in all indices during the

study period.
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PRCPTOT Rxlday

Rx5days

Figure 4. Spatial pattern of trends for the extreme precipitation indices for 25 stations from
1954 to 2014 in the Amur River basin (A,A, a0 V.V, ¥ indicate § > 2 mm/year,
1< pg<2mmlyear, 0 < B <1 mm/year, f =0, -1 < <0 mmlyear, -2 <f <-1 mm/year, § <-
2 mm/year, respectively; the triangles that are rounded indicate significant trend at 0.05 level).
(PRCPTOT-annual total wet-day precipitation, Rx1day-maximum 1-day precipitation amount,
Rx5day-maximum 5-day precipitation amount, R95-very wet days, R99-extremely wet days)

Periodicities of extreme precipitation indices

Wavelet analysis is employed to judge the periodicities of the extreme precipitation
indices. For PRCPTOT, three peaks can be found in the Periodicities diagnosis graphs
of annual area-averaged indices series and they are located at time scale of 4, 13 and
29a. As the peak value means the oscillation strength, the first main period is 29a, and
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the second and third are 13 and 4a respectively. The main periods are 30, 19 and 5a for
Rx1day, 30, 14 and 6a for Rx5day, 30, 13 and 4a for R95, and 28, 11, 18 and 6a for
R99, respectively.

Figure 5 shows the wavelet transform real part variation course of annual area-
averaged indices series. The size of amplitude responses the periodic obviousness, and
the amplitude of the first main period of 29a are larger than those of 13 and 4a in
Figure 5a. For PRCPTOT, the amplitude of 13a time scale becomes gradually smaller
in the entire study period, and even weaker than 4a after 1990. It reveals that the
periodicity of 4a timescale was more obvious than 13a after 1990. Besides, the positive
real part phase means abundant PRCPTOT, while the negative real part phase indicates
scarce PRCPTOT. Taking 13a time scale as example, abundant PRCPTOT occurred in
1957-1962, 1969-1974, 1992-1998 and 2010-2014.

PRCPTOT
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Figure 5. The wavelet transform real part variation course of annual area-averaged indices
series (PRCPTOT-annual total wet-day precipitation, Rx1day-maximum 1-day precipitation
amount, Rx5day-maximum 5-day precipitation amount, R95-very wet days, R99-extremely wet
days)
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Overall, the periodicities analysis of the annual extreme precipitation indices
explains the cause of the extreme precipitation in Amur River basin in 2013. For
PRCPTOT, Rx1day, Rx5day, R95 and R99, the real part wavelet phase of main periods
were mostly located at positive peaks in 2013.

Abrupt changes of extreme precipitation indices

The Mann-Kendall method is used to perform abrupt change testing on extreme
precipitation indices, which is widely used in hydrometeorology. Figure 6 shows the
Mann-Kendall abrupt change test of the five extreme precipitation indices from 1954 to
2014. It can be seen from the figure that there are similar abrupt change characteristics
in the five extreme indices, with two change points around 1963 and around 1989. Both
of these change points correspond to the peak of the first main period in Figure 5, which
indicates that there is a certain relationship between the abrupt change and the periodic
variation of the sequence. In addition, the lines of Rxlday, R95 and R99 have
intersections in 2013, 2014 and 2012, respectively, while the other two indicators will
intersect at the end of the evaluation period, which is almost the same as the peak of the
first main period in Figure 5.

3t PRCPTOT 3 Rxlday

—UF  —UB  --- 95%:confidence level

—UF —UB  ----95% confidence level

Statistics
Statistics

: 4
156150 10601060 1074 1070 10841089 10041000 A0 208 21 50 1950 1960 1960 107 1079 198 1989 1994 199 204 209 20U

ver (@) Ya  (b)
3
Rx5days 8 R95
2L ——=UE__-—-UB___--=-95%confidence level 2 ——UF __-——UB__ _--=-95%confidence level
1 1
8o go
2 2
b kS
atr ot
2F 2
3t 3
. e 4 S S S S R S
1054 1050 1064 1050 1974 1070 1084 1089 1904 1999 2004 2000 2014 1954 1959 1964 1969 1074 1979 1984 1989 1994 1999 2004 2009 2014
Year (C) Year (d)
3¢ R99
25y /\ —UF —UB -~~~ 95%confidence level

Statistics

B

1954 1959 1964 1969 1074 1979 1984 1089 1994 1999 2004 2009 2014

Year (e)

Figure 6. The Mann-Kendall abrupt change test of annual area-averaged indices series.
(PRCPTOT-annual total wet-day precipitation, Rx1day-maximum 1-day precipitation amount,
Rx5day-maximum 5-day precipitation amount, R95-very wet days, R99-extremely wet days)
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Extreme precipitation analyses at typical stations in 2013 floods

The Hailun and Hailar Stations received record-breaking observations of daily
maximum precipitation in 2013. The GEV distribution was fitted to the annual Rx1day
series of Hailun and Hailar, and the profile likelihood method was employed to estimate
the 10/50/100-year return levels (Table 4). For Hailun station, the record-breaking data
(153.6 mm) was around 100-year return level in the evaluation period of 1954-2012,
and improve the 10/50/100-year return levels (76.37, 100.90 and 111.47 mm) to 89.14,
114.62 and 130.61 mm. For Hailar station, the record-breaking observation (85.80 mm)
was also around 100-year return level in the period of 1954-2012, and the 10/50/100-
year return levels (51.99, 70.45 and 78.95 mm) were raised to 54.21, 76.80 and
87.91 mm.

Table 4. The 10/50/100-year return levels and 0.95 confidence intervals (mm) estimated by
the profile likelihood method for annual Rx1day series

Region Time series 10 years 50 years 100 years

Hailun 1954-2012 76.37(68.63,89.33) 100.90(87.37,136.47) | 111.47(94.21,162.38)
1954-2013 89.14(79.71,97.33) 114.62(94.96,161.45) | 130.61(104.34,199.60)

Hailar 1954-2012 51.99(46.51,61.84) 70.45(59.46,101.75) 78.95(64.35,126.00)
1954-2013 54.21(47.91,65.77) 76.80(63.16,115.72) 87.91(68.94,138.21)

This study analyzes the temporal and spatial variation characteristics of extreme
precipitation indices for the trend, periodicity and abrupt change analysis of five
extreme precipitation indices. The results of the trend, periodicity and abrupt change
analysis are also mutually corroborated, indicating to some extent the correctness of the
results of the analysis. This study has certain similarities with the results of other
scholars studying Northeast Asia, but other scholars are limited by the availability of
data, and the scope of research is limited to China (Deng et al., 2018; Liu et al., 2015) or
Russia (Vyshkvarkova and Voskresenskaya, 2018). In addition, some scholars use
large-scale meteorological products to analyze extreme precipitation (Zhu et al., 2018;
Tao et al., 2018). Based on the analysis of spatio-temporal distribution characteristics of
extreme precipitation, this paper uses GEV distribution to analyze the impact of the
extremes on the return levels of typical stations by comparison two periods with or
without the value of 2013, which is helpful to further understand the numerical value of
the single extreme value for the entire evaluation period. Furthermore, the causes of
extreme precipitation are not studied in this paper, and it is expected to be demonstrated
in future research..

Conclusions

1. Generally, the changes of annual PRCPTOT, Rx1day, Rx5day, R95 and R99
series are almost consistent, while the R99 with the largest variation coefficient
(0.30) fluctuate severely.

2. For PRCPTOT, Rx1day, Rx5day, R95 and R99 indices, not only area-averaged
but also individual stations have weak and non-significant trends except for the
Nizhnetambovskoe Station.
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3. It was reasonable to use wavelet analysis to explore the periodicities for annual
PRCPTOT, Rxlday, Rx5day, R95 and R99 series, and the real part wavelet
phase of main periods were mostly located at positive peaks in 2013. It means
that the periodicities of the extreme precipitation indices are the main cause for
2013 extreme precipitation event than the trends.

4. The correlation coefficients among PRCPTOT, Rx1day, Rx5day, R95 and R99
varied from 0.50 to 0.84, and all have passed 0.01 significant level.

5. The Hailun and Hailar stations suffered from record-breaking daily maximum
precipitation in 2013, and their 10/50/100-year return levels were raised from
76.37/100.90/111.47 mm and 51.99/70.45/78.95 mm to
89.14/114.62/130.61 mm and 54.21/76.80/87.91 mm, respectively.
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