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Abstract: The Tibetan Plateau is one of the most vulnerable areas to extreme precipitation. In recent
decades, water cycles have accelerated, and the temporal and spatial characteristics of extreme
precipitation have undergone dramatic changes across the Tibetan Plateau, especially in its various
ecosystems. However, there are few studies that considered the variation of extreme precipitation in
various ecosystems, and the impact of El Niño-Southern Oscillation (ENSO), and few researchers
have made a quantitative analysis between them. In this study, we analyzed the spatial and temporal
pattern of 10 extreme precipitation indices across the Tibetan Plateau (including its four main
ecosystems: Forest, alpine meadow, alpine steppe, and desert steppe) based on daily precipitation
from 76 meteorological stations over the past 30 years. We used the linear least squares method
and Pearson correlation coefficient to examine variation magnitudes of 10 extreme precipitation
indices and correlation. Temporal pattern indicated that consecutive wet days (CWD) had a slightly
decreasing trend (slope = −0.006), consecutive dry days (CDD), simple daily intensity (SDII), and
extreme wet day precipitation (R99) displayed significant increasing trends, while the trends of other
indices were not significant. For spatial patterns, the increasing trends of nine extreme precipitation
indices (excluding CDD) occurred in the southwestern, middle and northern regions of the Tibetan
Plateau; decreasing trends were distributed in the southeastern region, while the spatial pattern of
CDD showed the opposite distribution. As to the four different ecosystems, the number of moderate
precipitation days (R10mm), number of heavy precipitation days (R20mm), wet day precipitation
(PRCPTOT), and very wet day precipitation (R95) in forest ecosystems showed decreasing trends, but
CDD exhibited a significant increasing trend (slope = 0.625, P < 0.05). In the other three ecosystems,
all extreme precipitation indices generally exhibited increasing trends, except for CWD in alpine
meadow (slope = −0.001) and desert steppe (slope = −0.005). Furthermore, the crossover wavelet
transform indicated that the ENSO had a 4-year resonance cycle with R95, SDII, R20mm, and CWD.
These results provided additional evidence that ENSO play an important remote driver for extreme
precipitation variation in the Tibetan Plateau.
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1. Introduction

The spatial and temporal patterns of extreme climatic events become more capricious due to
accelerated water cycles over the past several decades [1]. The local and regional floods, droughts
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and snowstorms caused by extreme precipitation events, have an adversely effect on ecosystems,
agriculture, industry, and socioeconomic development [2,3]. Thus, the occurrences of extreme climate
events and their trends have become the focus of most climate change studies. In the global, extreme
precipitation probability have shown an increasing trend, and the total amount of extreme precipitation
has increased significantly, and also the tropic region has the most extreme precipitation events [4,5].
Additionally, they have more areas with significant increasing trends in extreme precipitation amounts,
intensity, and frequency than areas with decreasing trends [6]. On the intercontinental scale, the
previous studies have illustrated extreme precipitation variations without spatial consistency. Extreme
precipitation in North America has shown an upward trend [7], and extreme precipitation in central
and western Africa has shown a downward trend [8]. As the same trend of global change, the frequency
and intensity of extreme precipitation events tend to increase in China. The total precipitation in
China exhibited an upward trend from the 1960s to 1980s, but a downward trend after the 1980s [9].
Regional studies, including the Yangtze River Basin and northeastern China, show the strongest
positive trends [10,11], while the strongest negative trends exist in the southeastern Tibet in China [12].

The Tibetan Plateau, with its unique topography and the highest elevation, plays an essential role
in global climate change. The extreme climate in the Tibetan Plateau has an important influence on it
and its surrounding areas [13,14]. As to the high-altitude areas with glaciers and perennial snow cover,
the extreme climate events may cause profound consequences. Investigations at European alpine
glaciers indicate that cryosphere change is related to extreme temperature, and extreme precipitation
in high-altitude regions can aggravate snow damage and cause potential fluvial floods [15,16]. The
aforesaid findings might make more sense in the Tibetan Plateau. Previous researches showed a
significant warming trend (0.36 ◦C/decade) in the Tibetan Plateau from 1960 to 2007 [17], which is greater
than that for China (0.26 ◦C/decade) [18], and much greater than the global average (0.12 ◦C/decade) [19].
Also, previous studies have found that there are large regional discrepancies in precipitation on the
Tibet Plateau; and increasing trends were observed in most regions, especially in eastern and central
areas [20], while the southeastern areas exhibited a decreasing trend [11]. The variation of extreme
precipitation will have a significant impact on the ecosystems and economy of Tibetan Plateau. Thus,
exploring the spatial and temporal patterns of extreme precipitation in Tibetan Plateau is important.

Although the spatial and temporal patterns of precipitation in local regions of the Tibetan Plateau
have been studied, some problems still persist. First, few studies on the extreme precipitation in the
Tibet Plateau has paid the attention to the trends in different ecosystems, and have made a quantitative
analysis of the variation of extreme precipitation in various ecosystems. The Tibetan Plateau is a
typical and representative high-altitude region due to its precipitation impact on the ecosystem [21],
and extreme precipitation causes changes in the ecosystem water and carbon cycles, and these affect
the hydrological and ecological processes in different ecosystems [3], thus quantitative analysis is
needed to evaluate the variation of extreme precipitation in various ecosystems. Second, variations
in the large-scale atmospheric circulation pattern are considered to be one of the most important
driving factors affecting precipitation [22,23]. For example, El Niño-Southern Oscillation (ENSO) are
remote drivers of extreme precipitation variability across the Tibetan Plateau [24]. Most of the previous
studies on the impact of the large-scale atmospheric circulation on precipitation in the Tibetan Plateau
have only analyzed annual and seasonal precipitation [25,26] but have not considered the correlation
between ENSO and extreme precipitation. Therefore, it is necessary to investigate the spatial and
temporal pattern of extreme precipitation across the Tibetan Plateau, the variation and magnitude of
extreme precipitation in four different ecosystems (including forest, alpine meadow, alpine steppe, and
desert steppe), and the correlation between ENSO and extreme precipitation.

This study explored the spatial and temporal patterns of extreme precipitation across the Tibetan
Plateau and in its four different ecosystems, as well as the correlation between ENSO and extreme
precipitation. This study had two objectives: (1) Through the Pearson correlation coefficient and linear
regression, we analyzed the temporal variation of extreme precipitation across the Tibetan Plateau
and in its four different ecosystems, and we explored the spatial pattern of extreme precipitation
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by spatial analysis method in ArcGIS10.5; and (2) we measured the correlation between the ENSO
and extreme precipitation by using crossover wavelet transform analysis. This study can improve
our understanding to extreme precipitation events affected by climate change, which will provide a
foundational analysis to further assess and predict extreme precipitation across the Tibetan Plateau.

2. Materials and Methods

2.1. Study Area

The Tibetan Plateau encompasses a vast and elevated territory, between 73◦19′–104◦47′ E and
26◦00′–39◦47′ N, which covers an area of 2.5 million km2, and the average elevation is approximately
4500 m. This region experiences various types of climate, ranging from a hot and rainy to a cold and
dry climate, as well as a great number of widespread microclimates that are vertically distributed
in the plateau alpine [27]. The Yellow River, Yangtze River, Brahmaputra River and other rivers all
originate from the Tibetan Plateau, the plateau becomes a “water tower” for hundreds of million
people in the surrounding countries [20,28], thus extreme precipitation-related river discharges [29–31]
and mountain hazards [32] can adversely influence populations and the socioeconomic development
of local regions, and may further affect sustainable development in the downstream region. As
the "world’s third pole", and as a region minimally affected by human activity, the Tibetan Plateau
has fragile vegetation that is sensitive to climate change [33], precipitation especially plays a more
important role than temperature in four different ecosystems of the Tibetan Plateau [34]. Furthermore,
most of the study area is dominated by alpine steppes and alpine meadows, the alpine steppe is mainly
distributed in northern Tibet and the eastern and western ends of Qinghai Province, which covers
0.71 million km2; the alpine meadow is widely distributed widely in Tibet, Sichuan Province and
Qinghai Province, with an area of 0.65 million km2 [28]. Furthermore, the forest area mainly occurs in
the south and southeast end of the Tibetan Plateau and large areas of bare land, such as desert steppes
are found in the northwest (Figure 1) [35].Water 2019, 11, x FOR PEER REVIEW 4 of 25 
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2.2. Data and Quality Control

The daily precipitation observational data from 1986 to 2015 used in this study were obtained
from the National Meteorological Information Center (http://data.cma.cn/). The World Meteorological
Organization have defined a normal climate as being the mean of climatological variables over a
30-year-period [36]. Based on the fact that precipitation data were consecutive and the time series was
as long as possible, we collected 76 meteorological observatories around and within the Tibetan Plateau
from 1986 to 2015, including other necessary information, such as the World Meteorological Organization
number, latitude, longitude, and elevation. Figure 1 shows the location of the meteorological stations
within and around the Tibetan Plateau, and the number and average elevation of stations in different
ecosystems was showed in Table 1. To ensure that better data quality was used for this extreme
precipitation research, we subjected all the daily precipitation data to strict quality control using the
“RClimDex” package and “RHtestsV4” packages (http://cccma.seos.uvic.ca/ETCCDMI) in R software
(R Core Development Team, R Foundation for Statistical Computing, Vienna, Austria), which were
recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI). The “RClimDex”
package was developed by Zhang and Yang et al. [37], which provides a user-friendly program for the
calculation of climate extreme indices. Our process was as follows: (1) Replace missing values with
−99.9, (2) mark daily precipitation negative data as erroneous data, and (3) check obvious abnormal
values of the daily precipitation data. In this paper, abnormal values were defined as daily values
exceeding five times standard deviation, and all abnormal values were treated as NA (not available).
The abnormal values were identified by examination of visual data graphs. Based on the statistical
tests and data from neighboring stations, abnormal values were deleted and corrected. In addition, we
assessed the second quality control records for homogeneity to avoid the influence of artificial changes
by using “RHtestsV4” software. Based on the penalized maximal F (PMF) test [38], “RHtestsV4”
software was capable of identifying step changes in precipitation series by comparing the goodness
of fit of a two-phase regression model with that of a linear trend for the entire base series [14,22].
According to the test result of the penalized maximal F (PMF), we found that PMFmax values for
each meteorological station were not significant at the 0.05 significance level. Therefore, we selected
76 meteorological stations, because they passed this test in this study.

Table 1. The number and average elevation of stations in different ecosystems.

Ecosystem The Number of Observatory Average Elevation (m)

Forest 17 2919.6
Alpine meadow 30 3629.9
Alpine steppe 12 3517.1
Desert steppe 5 2874.5

Other observatory 12 1678.6

To examine the relationships between extreme precipitation and the large-scale atmospheric
circulation patterns, the correlations between the extreme precipitation indices and ENSO indices were
investigated. Several indices are available for the representation of ENSO phenomena, such as the
Niño l, Niño 3, Niño 3.4, Southern Oscillation Index, and Multivariate ENSO Index [39]. This study
selected the Nino 3.4 index (http://www.esrl.noaa.gov/psd/data/climateindices/list/) to represent the
state of ENSO (and the region located between 5◦ N–5◦ S and 90◦–150◦ W), which comprehensively
reflected the monthly average sea surface temperature in the eastern central tropical Pacific based on
centered 30-year base periods updated every 5-year period [40]. Previous studies had considered that
an El Niño event can be said to occur if 5-month running means of sea temperature anomalies in the
Niño 3.4 region exceed 0.4 ◦C for 6 months or more [41].

The basic geographic data were collected from the Resource and Environment Data Cloud Platform
(http://www.resdc.cn/). The basic geographic data included the boundary of the Tibetan Plateau,
provincial boundaries, and national boundaries. On the basis of climate, vegetation type and humidity,

http://data.cma.cn/
http://cccma.seos.uvic.ca/ETCCDMI
http://www.esrl.noaa.gov/psd/data/climateindices/list/
http://www.resdc.cn/
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we adopted data using the ecosystems derived from China’s vegetation classification system (Chinese
Academy of Sciences, 2001) to categorize the Tibetan Plateau into four types: Forest, alpine meadow,
alpine steppe, and desert steppe [42].

2.3. Extreme Precipitation Indices

Generally, there are various ways to calculate extreme precipitation. ETCCDI has identified
27 types of extreme indices, which include 11 extreme precipitation and 16 extreme temperature
(http://etccdi.pacificclimate.org/). This paper selected 10 extreme precipitation indices (Table 2) to
reflect the spatial-temporal pattern in extreme precipitation duration, intensity and frequency across the
Tibetan Plateau [43]. The 10 extreme precipitation indices reflect many aspects of extreme precipitation
with relatively weak extreme, low noise, and strong significance, which have been widely used to
analyze the spatial and temporal pattern of extreme precipitation [44]. We divided the 10 indices into
precipitation days and precipitation totals. Precipitation days include consecutive dry days (CDD),
consecutive wet days (CWD), number of moderate precipitation days (R10mm), and number of heavy
precipitation days (R20mm). Precipitation totals include simple daily intensity index (SDII), wet day
precipitation (PRCPTOT), maximum 1-day precipitation (RX1day), maximum 5-day precipitation
(RX5day), very wet day precipitation (R95), and extremely wet day precipitation (R99) [10,45]. We
calculated these indices according to the “RClimDex” package in R software. Table 2 provides a
detailed description of these 10 extreme precipitation indices.

Table 2. Indices of extreme precipitation used in this study.

Index Descriptive Name Definition Units

CDD Consecutive dry days Maximum number of consecutive dry days days
CWD Consecutive wet days Maximum number of consecutive wet days days

R10mm Number of moderate
precipitation days Annual count of days when RR ≥ 10 mm days

R20mm Number of heavy
precipitation days Annual count of days when RR ≥ 20 mm days

SDII Simple daily intensity index Average precipitation on wet days mm/day
PRCPTOT Wet day precipitation Annual total PRCP in wet days (RR ≥ 1 mm) mm

RX1day Maximum 1-day
precipitation Annual maximum 1-day precipitation mm

RX5day Maximum 5-day
precipitation

Annual maximum consecutive 5-day
precipitation mm

R95 Very wet day precipitation Annual total precipitation when RR > 95th
percentile mm

R99 Extremely wet day
precipitation

Annual total precipitation when RR > 99th
percentile mm

Note: RR is abbreviation for daily precipitation, and a dry (or wet) day is defined as RR < 1 mm/day.

2.4. Data Analysis Methods

2.4.1. Spatio-Temporal Analysis Methods

To analyze the temporal characteristics of extreme precipitation in Tibetan Plateau, the variation
trends of the extreme precipitation indices were calculated in this study applying the ordinary least
squares regression method in SPSS and Origin 2018 software, as widely applied in extreme climate
studies [9,44,46]. Additionally, the ordinary least squares regression method can comprehensively
reflect the annual trend of extreme precipitation indices. The positive and negative trends were defined
using the slope of least squares regression. A slope > 0 indicates that it is positive trend; a slope < 0
indicates that it is a negative trend, and a slope = 0 indicates no trend. The t-test is a popular method in
the significance test, which was used to estimate the significant linear trends of extreme precipitation
indices at the 0.05 level of confidence [47]. If the P value < 0.05, it indicates that the linear trends are

http://etccdi.pacificclimate.org/
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significant. Additionally, we counted the number of stations with similar trends of every extreme
precipitation indices and significant variation. Then, we used a five-year smoothing average value to
show the variations in extreme precipitation, which was a robust curve fitting method, as widely used
to analyze the inter-annual variation in extreme climates [46,48].

We analyzed the spatial patterns of the indices representing extreme precipitation. The Kriging
method was employed to interpolate the values into the whole study area by means of the software of
ArcGIS 10.5. Detailed information about the method were described by previous researchers [49–51].
In the method, the parameters setting includes the semivariogram model (linear), lag size (12), and the
point number of search radius (12).

2.4.2. Crossover Wavelet Transform

The wavelet transform has become a useful method to study regional variations of time series data
and has been used widely in climatic time series analysis [51,52]. Crossover wavelet transform was
introduced by Torrence and Compo in 1998 [53]. Furthermore, the correlation relationship between
ENSO and extreme precipitation indices were analyzed by the crossover wavelet transform, and
revealed the periodic characteristics of extreme precipitation in different time scales [46]. With two
times series xn and yn, we can define the crossover wavelet spectrum as follows:

Wn
xy = Wn

xWn
y∗ (1)

where Wn
x and Wn

y denotes the wavelet transforms and * represents the complex conjugate. In
addition, the cross wavelet power is further defined as |Wn

xy|. The complex argument arg(Wn
xy) can

be interpreted as the local relative phase between xn and yn in time frequency space [49].
The theoretical distribution of the crossover wavelet power of xn and yn with background power

spectra Pn
x and Pn

y is given as follows:

D


∣∣∣Wx

n(S)W
y∗
n (S)

∣∣∣
σxσy

< p

 = Zv(p)
v

√
Px

nPy
n (2)

where Zv(p) is the confidence level associated with the probability density function p, which is defined
by the square root of the product of two χ2 distributions. In this study, the 0.05 significance level can
be calculated by means of Z2(0.95) = 3.999.

3. Results

3.1. Temporal Trends of Precipitation Extremes Indices

3.1.1. Temporal Trends of Precipitation Days

Figure 2 shown regional annual series and linear trends of precipitation days indices across the
Tibetan Plateau. During 1986-2015, CDD experienced an increasing trend at a rate of 0.43 day/year,
fluctuating between 66.97 and 105.23 days, and the maximum and minimum values appeared in 1986
and 2010, respectively (Figure 2a). CWD showed a slightly decreasing trend at a rate of 0.006 day/year,
and the fluctuation of index was intense before 2000 (ranged from 5.969 to 8.391 days) but then slowed
down (Figure 2b). By contrast, R10mm and R20mm showed similar trends (0.023 and 0.003 day/year,
respectively), but their trends did not pass the 0.05 significance test (Figure 2c,d).
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Figure 2. Interannual variation of precipitation days across the Tibetan Plateau from 1986–2015. Graphs
represent (a) CDD, (b) CWD, (c) R10mm, and (d) R20mm. The black solid line is the interannual
variation, the red solid line is the linear trend, and the blue dotted line is the five-year smoothing average.

3.1.2. Temporal Trends of Precipitation Totals

The regional annual series for precipitation totals across the Tibetan Plateau are shown in
Figure 3a–f. All the indices demonstrated an increasing trend from 1986 to 2015. PRCPTOT had a
weak rising trend at a change rate of 0.583 mm/year (Figure 3a), SDII had a 0.01 statistically significant
increasing trend (at a rate of 0.01 mm/day/year) (Figure 3b). Over the 1986–2015 period, the regional
mean of R95 and R99 had different positive trends with a rate of 0.282 mm/year and 0.260 mm/year,
respectively; but only the R99 trend passed the significance test at 0.05 significance level (Figure 3c,d).
The magnitude of the slopes for RX1day showed a slightly increase at a rate of 0.053 mm/year without
statistically significance (Figure 3e). The interannual trend of RX5day (at the rate of 0.138 mm/year)
was similar with RX1day, which displayed significant fluctuations (ranged from 63.475 to 48.670 mm)
in interannual changes, with maximums occurring in the 1999 (Figure 3f).
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3.2. Spatial Pattern of Precipitation Extremes Indices

3.2.1. Spatial Pattern of Precipitation Days

In terms of spatial pattern, the CDD values increased from the north to the southeastern of
the Tibetan Plateau, ranging from 223.2 to 38.16 day/year. The CDD value of 49 meteorological
stations had upward trends in the study area, but only 8 stations showed significant rising trends,
which were mainly distributed in the southeast of the Tibetan Plateau (Figure 4a). The low value
of CWD was distributed in the northern plateau, and the high value occurred in the southeastern



Water 2019, 11, 1453 9 of 24

region. In addition, the proportion of stations with increasing trends (44%) was less than the that
with decreasing trends (56%), and only the upward trend in Xining station was statistically significant
(slope = 0.068 day/year, P = 0.04) (Figure 4b). The spatial pattern of R10mm showed similarity with
R20mm, the values gradually increased from the northwestern to southeastern region of the Tibetan
Plateau. Moreover, the R10mm (80% stations) and R20mm (77% stations) had increasing trends.
The R10mm values of 4 stations demonstrated an increasing trend with statistical significance at the
0.05 level. Additionally, the R10mm value of one station displayed a decreasing trend that passed
the 0.05 significance test (slope = −0.018 day/year, P = 0.02), which was the Chayu Station in Tibet
(Figure 4c). The proportion of meteorological stations with rising trends for R20mm accounted for
77%. Correspondingly, three stations had statistically significant rising trends during 1986–2015
(slope = 0.046 day/year, 0.018 day/year, 0.119 day/year, respectively). The downward trends were
primarily distributed in the southern and northeastern region of the Tibetan Plateau, but no station
showing a significant trend (Figure 4d).
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represent a downward trend, the black triangles represent a significant downward trend, the red circles
represent an upward trend, and the dark red circles represent significant upward trend. A significance
level of 0.05 is considered.
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3.2.2. Spatial pattern of Precipitation Totals

As shown in Figure 5, a high PRCPTOT value mainly occurred in the southeastern plateau, and
a low value was chiefly distributed in the northern and western region of the Tibetan Plateau. The
stations with negative trends for PRCPTOT were distributed in the southern region, which covered
34% of all stations. Moreover, a significant increasing trend of PRCPTOT appeared at stations in Gaize
(slope = 2.453 mm/year, P = 0.007), Tuotuo River (slope = 5.337 mm/year, P = 0.001), Wudaoliang
(slope = 3.548 mm/year, P = 0.004), and Dari (slope = 3.313 mm/year, P = 0.012) (Figure 5a). A low
SDII value was distributed in the northern region of the Tibetan Plateau, and the high value also was
found in the southeastern region. A significant increasing SDII value was observed in region of the
southeastern Tibetan Plateau, where two stations demonstrated a significant trend at 0.05 significance
level during the study period. Four stations displayed remarkable increasing trends, which distributed
in the middle of the plateau. Meanwhile, SDII also showed a nonsignificant decreasing trend at 59% of
the stations (Figure 5b). For RX1day and RX5day, the high value appeared in the eastern, southeastern,
and southwestern edges of the Tibetan Plateau, and the low value occurred in the northern edge.
More than 37% of the meteorological stations had rising trends for RX1day. Three stations indicated
strong significant changes, and decreasing trends were statistically nonsignificant. The most distinct
decreasing region was located in Nielamu (slope = −1.020 mm/year) (Figure 5c). RX5day exhibited the
variation in the research area, with a small range from −0.41 to 0.42 mm/year. Only 20% of stations had
negative trends, and these stations exhibited uniform distribution, which were mainly distributed in
the southern region of the Tibetan Plateau. In addition, five stations located in the west and east of the
study region had significant increasing trends (Figure 5d). The spatial pattern of R95 and R99 showed
similarities with the high value of RX1day were chiefly distributed in the eastern, southeastern, and
southwestern edges of the Tibetan Plateau. For R95, 64% of the stations had a positive trend; and three
stations (Nuomuhong, Dari, Songpan) displayed a significant positive trend (slope = 0.816, 2.084, 2.248
mm/year, respectively) (Figure 5e). As to R99, 47 and 17 stations showed increasing and decreasing
trends, respectively; except for four stations with significant increasing trends, all the other stations
had nonsignificant trends. Meanwhile, remarkable decreasing trends were observed in the northwest
regions, and the eastern area exhibited an upward trend (Figure 5f). Regarding the aforementioned
six indices, a high value was observed mainly in the southeastern and the southwestern edges of the
Tibetan Plateau, which showed that the southeastern region and the southwestern edge of the Tibetan
Plateau were relatively wet regions. The probability of extreme precipitation in the southeastern region
was also higher than in other regions. Conversely, the station trends showed that the magnitude and
intensity of extreme precipitation increased in the western and northern plateau. Decreasing trends of
extreme precipitation were distributed mainly in the southeastern and southwestern region.
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3.3. Correlation Coefficients of Precipitation Indices

To further explore the correlation between extreme precipitation indices and annual average
precipitation (AAP), we calculated the correlation coefficients among the extreme precipitation indices
(Table 3). The results showed that the most extreme precipitation indices had significant correlations
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with AAP, which had weak correlations with CDD (R = −0.06), and middle correlation with R99
(R = 0.35), and RX1day (R = 0.35) both showing a 0.05 significance level. The correlation coefficients
between PRCPTOT (and R10mm) and AAP exceeded 0.90 with a 0.01 statistical significance level.
Table 3 shows the statistically significant correlations both the extreme precipitation indices. The
correlation coefficients between PRCPTOT and R10mm (R = 0.95) were statistically significant at a 0.01
level. In particular, in terms of CWD and R20mm, CWD and R95, CWD and R99, CWD and RX1day,
CWD and SDII, R10mm and R99, R10mm and RX1day; all of their correlation coefficients were less
than 0.30 and were similarly statistically nonsignificant at the 0.05 level.

As shown in Table 4, there are a positive correlation between AAP and each of extreme precipitation
indices (except CDD) in forest. The correlation coefficient all passed the significance test at a 0.05
significance level. This demonstrated that extreme precipitation indices can relatively satisfactorily
reflect variation in the AAP of a forest. Additionally, AAP was most strongly correlated with R10mm
(R = 0.95). Furthermore, the correlation coefficients between R10mm and R20mm, R95 and SDII, R99
and RX1day, R99 and RX5day exceeded 0.8, and their correlations were significant at a 0.01 significance
level. In the other three ecosystems, the correlation between AAP and each of the extreme precipitation
indices was similar with the result of forest. These results verified that extreme precipitation indices
have a relationship with the variation of AAP in three ecosystems (Appendix A Tables A1–A3).
Moreover, Appendix A Tables A1–A3 also show statistically significant correlations among most
extreme precipitation indices.

Table 3. Correlation coefficients between annual average precipitation (AAP) and the extreme
precipitation indices in the Tibetan Plateau.

Indices AAP CDD CWD PRCPTOT R10mm R20mm R95 R99 RX1day RX5day SDII

AAP 1
CDD −0.06 1
CWD 0.52 ** −0.16 1

PRCPTOT 0.99 ** −0.05 0.51 * 1
R10mm 0.94 ** 0.01 0.43 * 0.95 ** 1
R20mm 0.71 ** −0.27 0.25 0.72 ** 0.68 ** 1

R95 0.71 ** −0.08 0.22 0.72 ** 0.68 ** 0.87 ** 1
R99 0.35 * 0.09 0.13 0.35 * 0.28 0.44 ** 0.69 ** 1

RX1day 0.35 * 0.14 0.11 0.36 * 0.26 0.35 * 0.64 ** 0.78 ** 1
RX5day 0.56 ** −0.05 0.39 * 0.57 ** 0.52 ** 0.61 ** 0.81 ** 0.76 ** 0.78 ** 1

SDII 0.65 ** 0.16 0.19 0.66 ** 0.74 ** 0.65 ** 0.75 ** 0.60 ** 0.55 ** 0.76 ** 1

Note: ** significant at the 0.01 significance level; * significant at the 0.05 significance level.

Table 4. Correlation coefficients between annual average precipitation (AAP) and the extreme
precipitation indices in the forest.

Indices AAP CDD CWD PRCPTOT R10mm R20mm R95 R99 RX1day RX5day SDII

AAP 1
CDD −0.14 1
CWD 0.45 * 0.36 1

PRCPTOT 1 −0.14 0.45 * 1
R10mm 0.95 ** −0.16 0.41 * 0.95 ** 1
R20mm 0.85 ** −0.13 0.43 * 0.85 ** 0.81 ** 1

R95 0.83 ** −0.09 0.31 0.83 ** 0.77 ** 0.92 ** 1
R99 0.39 * −0.01 −0.08 0.39 * 0.30 0.43 * 0.68 ** 1

RX1day 0.37 * 0.05 −0.03 0.31 0.22 0.36 0.60 ** 0.86 ** 1
RX5day 0.58 ** −0.08 0.15 0.58 ** 0.54 ** 0.62 ** 0.79 ** 0.83 ** 0.69 ** 1

SDII 0.76 ** −0.06 0.29 0.77 ** 0.84 ** 0.75 ** 0.81 ** 0.52 ** 0.47 ** 0.68 ** 1

Note: ** significant at the 0.01 significance level; * significant at the 0.05 significance level. The table of other three
ecosystems are in the Appendix A.
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3.4. Extreme Precipitation in Different Ecosystems

Figure 6 and Table 5 show interannual variations in extreme precipitation indices among the
different ecosystems in the Tibetan Plateau. The CDD value of desert steppe was the highest (with an
average of 206.94 days) of the four ecosystems and showed sharp fluctuations (fluctuating between
118.7 and 317.75 days), which had a rising trend of 0.455 day/year. For CDD in the alpine meadow and
the forest, these showed positive trends with 0.625 and 0.454 day/year (P = 0.02 and 0.03, respectively),
respectively. The CDD value of alpine steppe demonstrated a weak increasing trend (0.015 day/year)
and had slight fluctuations (Figure 6a and Table 5). However, CWD showed the opposite result,
the forest had the highest average value of CWD (11.89 days), and the average value of the other
ecosystems decreased with the following order: Alpine meadow, alpine steppe and desert steppe. In
addition, only the increasing trends for the alpine steppe were significant at the 0.01confidence level
(slope = 0.033 day/year, P = 0.006) (Figure 6b and Table 5). R10mm exhibited nonsignificant variation
in the forest, alpine meadow, and desert steppe, however, the index for the alpine steppe displayed an
increasing trend (a rate of 0.060 day/year) which passed the significance test at the 0.01 significance
level (Figure 6c and Table 5). The rising trend (with a rate of 0.006 day/year) for R20mm in the desert
steppe (P = 0.02), and the index in the forest and alpine steppe showed weak decreasing trends with
rates of 0.018 and 0.001 day/year, respectively. Only the index in the alpine meadow displayed an
unclear trend with a rate of 0.016 day/year (Figure 6d and Table 5).
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Figure 6. Temporal pattern of precipitation days in different ecosystems of the Tibetan Plateau from
1986 to 2015. Graphs represent (a) annual variation of CDD in different ecosystems, (b) CWD, (c)
R10mm, and (d) R20mm.

Table 5. Precipitation days linear trend and significance in different ecosystem.

Index CDD (day/year) CWD (day/year) R10mm (day/year) R20mm (day/year)

Forest 0.625 * 0.015 −0.049 −0.018
Alpine meadow 0.454 * −0.001 0.05 0.016
Alpine steppe 0.011 0.033 ** 0.06 ** −0.001
Desert steppe 0.455 −0.005 0.01 0.006 **

Note: ** significant at the 0.01significance level; * significant at the 0.05 significance level.
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Regarding the PRCPTOT in the four different ecosystems, which showed that these ecosystems
could be divided into the following four groups (ordered from high to low for averaged values of
PRCPTOT): Forest (658.96 mm), alpine meadow (475.66 mm), alpine steppe (249.53mm), and desert
steppe (31.45 mm) (Figure 7a and Table 6). The SDII showed that the regional mean of the alpine
meadow and alpine steppe were similar (approximately 6.5 mm/day), the annual trends were positive
(slope = 0.01, 0.015), and the value in the desert steppe fluctuated obviously (between 2 and 5 mm/day)
(Figure 7b and Table 6). The very wet day precipitation (R95) experienced a similar distribution to
PRCPTOT, and only the desert alpine had an increasing trend of desert alpine (slope = 0.313 mm/year,
P = 0.02) (Figure 7c and Table 6). R99 in the alpine meadow and the desert steppe changed at a rate
of 0.311 (P = 0.03) and 0.192 (P = 0.02) mm/year, respectively. However, R99 in the forest and the
alpine steppe demonstrated that the fluctuation range was remarkable (67.08–20.62 mm/year), and
their annual trends were increasing at a rate of 0.204 mm/year (forest) and 0.228 mm/year (alpine
steppe) without passing the statistical significance test (Figure 7d and Table 6). RX1day and RX5day
displayed a similar distribution trend to PRCPTOT. Annual trends in alpine steppe and desert steppe
were positive, and all passed the 0.05 significance level (Figure 7e,f and Table 6). These results showed
that extreme precipitation in the desert steppe and alpine steppe increased significantly. But magnitude
of precipitation in the forest decreased, however, and the simple daily precipitation intensity showed
nonsignificant increasing trends.
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Table 6. Precipitation linear trend and significance in different ecosystem.

Index PRCPTOT
(mm/year)

R95
(mm/year)

R99
(mm/year)

RX1day
(mm/year)

RX5day
(mm/year)

SDII
(mm/day/year)

Forest −1.187 −0.336 0.204 0.064 0.1 0.004
Alpine

meadow 1.393 0.616 0.311 * 0.002 0.103 0.01 *

Alpine
steppe 1.306 * 0.204 0.228 0.128 * 0.255 * 0.015 *

Desert
steppe 0.283 0.313 * 0.192 * 0.192 * 0.248 * 0.024 *

Note: ** significant at the 0.01 significance level; * significant at the 0.05 significance level.

3.5. Relationship between Extreme Precipitation and ENSO

This study analyzed the correlation between extreme precipitation indices and ENSO using the
crossover wavelet transform (Figure 8). To synthesize, we selected CWD, R95, SDII, and R20mm, which
represented the duration, magnitude, intensity, and frequency of extreme precipitation, respectively.
The details for other extreme precipitation indices also are shown in Figure 8.

The crossover wavelet transform between CWD and ENSO showed a statistically significant
negative correlation with a 1.5–4.5 year period at the 0.05 confidence level from 1987 to 2001 (Figure 8b),
which indicated that the ENSO are closely related to the number of rainy days across the Tibetan
Plateau. In addition, Figure 8c displayed that the ENSO had a significant negative correlation with R95
in the 4–6 year band during 1990–2001 period. The results exhibited that ENSO played an essential part
in the magnitude of extreme precipitation across the Tibetan Plateau. The crossover wavelet transform
between SDII and ENSO (Figure 8j) demonstrated a significant positive correlation in the 4–6 year
period from 1994 to 2002, which implied that ENSO were associated with extreme precipitation intensity.
Moreover, Figure 8e illustrated that the ENSO had a statistically significant positive correlation with
R20mm across the Tibetan Plateau with a 4–6 year signal at the 0.05 confidence level from 1995 to 2001,
which indicated that the ENSO had a prominent association with changes in the frequency of extreme
precipitation across the Tibetan Plateau.
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Figure 8. The crossover wavelet transforms between the ENSO and extreme precipitation indices
across the Tibetan Plateau. Graphs represent (a) the relationship between CDD and ENSO event, (b)
ENSO-CWD, (c) ENSO-PRCPTOT, (d) ENSO-R10mm, (e) ENSO-R20mm, (f) ENSO-R95, (g) ENSO-R99,
(h) ENSO-RX1day, (i) ENSO-RX5day, and (j) ENSO-SDII. The thick black contour shows the 0.05
significance level of local power relative to yellow noise. The black line represents the cone of influence
where edge influences might distort the picture, which is shown in lighter shades. The direction of
the arrow indicates the relative phase relationship, with right-pointing arrows depicting that the two
signals are in phase and left-pointing arrows indicating the anti-phase. The color bar on the right
represents wavelet energy.
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4. Discussion

4.1. Spatio-Temporal Variability of Extreme Precipitation

In this study, we analyzed the spatial and temporal patterns of extreme precipitation in the Tibetan
Plateau. For spatial distribution, the results illustrated that high-values of extreme precipitation mainly
appeared in the southeastern Tibetan Plateau, and the low-values chiefly occurred in the northern
and western Tibetan Plateau. The cause may be attributed to the uplift effect of increased relief
amplitude on the variation of the airflow, and the uplift of topography caused the precipitation of
southeastern plateau which was more than other regions [14]. In addition, increasing trends for extreme
precipitation mainly occurred in the western, middle, and northern regions of the Tibetan Plateau, and
decreased trends for extreme precipitation was principally located in the southern plateau (Figures 4
and 5). Previous studies found that the South Asia Summer Monsoon (SASM) will mainly affect
the precipitation in southeastern of Tibetan Plateau, the decreasing SASM might cause a decreasing
precipitation [54]. Extreme precipitation also is associated with the westerlies in the Tibetan Plateau.
The westerlies might change the spatial pattern and transportation of moisture across the western and
northern region of the Tibetan Plateau under the impact of North Atlantic Oscillation (NAO) activity,
and the increased precipitation in these areas were linked to enhanced NAO activity [55,56].

Regarding temporal pattern, the most extreme precipitation indices showed increasing trends in
the Tibetan Plateau from 1986 to 2015 (except CWD), and CDD, SDII, and R99 passed 0.05 statistically
significance. These results were consistent with previous studies in China, Xinjiang Province and the
southwest China (Table 7) [57–59], which also showed similar variations on smaller regional scales
(e.g., the western Tibetan Plateau and Three-River Headwaters region [48,60]). These results indicate
that extreme precipitation events were more frequent across the Tibetan Plateau. Water cycles may be
accelerating with the global warming [61,62], which caused the upward trends of extreme precipitation
intensity and frequency [63,64]. Extreme precipitation index variations in the southeastern Tibetan
Plateau have illustrated different situations, CWD, R20mm, R95, R99, RX1day, and RX5day showed
decreasing trends (Table 7). A similar negative trend also occurred in the Loess Plateau [50]. This
result indicated that the response of extreme precipitation to climate change may vary from region to
region, further highlighting the less spatial consistency of extreme precipitation and the importance of
studying extreme precipitation pattern at different region.

Table 7. Temporal variations in the extreme precipitation indices around the Tibetan Plateau from this
study and other works.

Index Tibetan
Plateau

Western
Tibetan Plateau

Southeastern
Tibetan

Three-River
Headwaters China Loess

Plateau
Xinjiang
Province

Southwest
China

CDD
(day/year) 0.43 * −0.052 0.455 * −0.206 * −0.273 * −1.865 * −0.002 −0.124

CWD
(day/year) −0.006 0.017 −0.035 −0.016 −0.141 * −0.0009 0.005 0.116

R10mm
(day/year) 0.023 −0.006 0.046 0.016 0.004 −0.003 0.02 * 0.013

R20mm
(day/year) 0.003 −0.011 0.004 0.0004 0.002 *

PRCPTOT (mm/year) 0.583 0.047 0.495 0.833 * 0.113 0.187 * −0.42
R95

(mm/year) 0.282 0.048 −0.331 0.383 * 0.339 * −0.059 0.628 * 0.674

R99
(mm/year) 0.26 * 0.041 −0.284 0.19 * 0.177 * −0.025 0.326 * 0.571 *

RX1day
(mm/year) 0.053 0.036 −0.049 −0.016 0.05 * −0.022 0.079 * 0.036

RX5day
(mm/year) 0.138 0.125 −0.028 −0.044 0.036 −0.084 0.085 * 0.026

SDII (mm/day/year) 0.01 * −0.001 0.006 0.002 0.007 * −0.012 * 0.004 * 0

Note: Data sources and time periods: China during 1961–2013 [58], the western Tibetan Plateau during 1973–2011
[60], and the southeastern Tibetan Plateau during 1960–2011 [12]. Three-River Headwaters during 1960–2012 [48],
the Loess Plateau during 1960–2013 [50], the Xinjiang Province during 1960–2009 [59], southwest China during
1951–2010 [57]. * Significant at the 0.05 significance level.



Water 2019, 11, 1453 18 of 24

Some studies found that AAP had a significant correlation with extreme precipitation indices
(except for CDD) [43,44], and our study also found similar results in Tibetan Plateau, especially in its
four different ecosystems. Therefore, the indices selected in this study were indicative functions of
the changes of annual average precipitation [45]. However, CWD had a nonsignificant correlation
with most extreme precipitation indices (Tables 3 and 4; Appendix A Tables A1–A3), these results are
different with the source region of the Yangtze River [43]. The discrepancy is likely due to the deceasing
trends of CWD, and other indices all showed increasing trends across Tibetan Plateau (Figures 3 and 4),
but these indies showed different variation in the source region of the Yangtze River [43]. Generally,
the discrepancy of data and study period might also cause the different results with previous studies.

4.2. Characteristics of Extreme Precipitation Indices in Different Ecosystems

Regarding variations in extreme precipitation in different ecosystems, CDD showed a markedly
upward trend in forest areas, but R10mm, R20mm, and PRCPTOT exhibited downward trends without
passing the significance test (Tables 5 and 6). The probable cause of this result is that forests located
in the eastern, south and southeast regions of the Tibetan Plateau, the climate of these regions is
mainly controlled by the East Asian Summer Monsoon (EASM) and SASM. A decrease in EASM and
SASM led to a decline in precipitation from 1975 to 2014 [14]. In addition, one possible cause of the
decreasing precipitation and precipitation days is the decreasing trends of evapotranspiration (ET) in
southeastern region of the Tibetan Plateau [35]. The alpine steppe and desert steppe are mainly located
in areas controlled by the westerly belt. Most of extreme precipitation indices for these ecosystems
showed significantly positive trends under the control of enhance NAO activity [55]. Additionally,
the elevation of alpine steppe and desert steppe is higher than forest, the increasing trends of most
extreme precipitation indices might have been caused by more melting snow and an accelerated
hydrological cycle, as more rapid warming occurred at higher elevations than in lower elevations [65].
Comparisons of extreme precipitation indices in different ecosystems have shown that the mean CDD
in the forest was lower than that in other regions, but the average value of precipitation was the
largest. Moreover, the mean CDD demonstrated a gradually raise for the different ecosystem in the
following order: Alpine meadow, alpine steppe and desert steppe. In contrast, the order of decline
for the other precipitation indices moved in the opposite direction: Forest, alpine meadow, alpine
steppe, and desert steppe (Figures 6 and 7). Previous research verified significant positive correlations
between precipitation and evapotranspiration (ET) [35,65,66], and normalized difference vegetation
index (NDVI) [67]. Forests are distributed mainly in the western Sichuan Province, southeast Tibetan,
and the northern Yunnan Province with deep ravine regions [35]. These areas have lush vegetation,
more precipitation, and more ET than other ecosystems across the Tibetan Plateau [68], and as for ET, it
has a growth gradient from the southeast to northwest, and it is similar to precipitation (Figure 5).
Variations in extreme precipitation are likely to have a detrimental effect on ecosystems and also have
a significant influence on the Tibetan Plateau’s climate. In this study, spatio-temporal characteristics
provided a foundational analysis for future research of the prediction of extreme precipitation in
different ecosystems.

4.3. Impacts of Large-Scale Atmospheric Circulation

ENSO plays a significant role in global climate change and it is forcefully correlated with extreme
precipitation in many regions of the world [69,70]. Figure 8 also confirm that ENSO had a significant
negative correlation with a 4-year period in CWD and R95 from 1990 to 2001, but a significant positive
correlation with a 4–6 year band between ENSO and R20mm, and SDII during 1995–2001 period in
the Tibetan Plateau. Other studies have illustrated a decline in the precipitation of China during
ENSO warm phase periods and an increase during the ENSO cold phase [40]. Furthermore, the
relationship between the extreme precipitation index and ENSO indicates that in El Niño (La Niña)
years, the frequency and magnitude of extreme precipitation events tended to decrease. Surface
temperatures of the Tibetan Plateau also indicate a negative ENSO effect occurring in years of extreme
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wetness [24]. In addition, other investigations have found that the North Atlantic Oscillation (NAO)
affects extreme precipitation in the western and northern plateau regions, including the Qidam Basin
and the Kunlun and Qilian Mountain regions [71]. These studies have illustrated that large-scale
atmospheric circulation has a profound impact on extreme precipitation in the study region.

Our previous study analyzed the relationship between precipitation and ET in different ecosystems,
but paid no attention to the variation of extreme precipitation across the Tibetan Plateau and in its four
different ecosystems. This study had analyzed the temporal and spatial pattern of extreme precipitation
in the Tibetan Plateau and its four different ecosystems. It also explored the relationship between
extreme precipitation and ENSO. Our study, however, had some drawbacks. Previous study defined a
normal climate as being the mean of climatological variables over a 30-year-period [36], but time series
was not long enough to identify features of extreme precipitation periodicity in our study. Previous
studies considered that there might be some difference between the interpolation result and the actual
observation result [72], thus we will explore how to reflect the actual observation data more accurately
in the future. Because the response between extreme precipitation and climate change is complex,
and considering the characteristic topographical conditions and unique geographical environment in
the Tibetan Plateau, the reaction of precipitation to climate change is not clear and requires further
research. In the future, the research should consider solar cycles and El Niño in order to reflect the
mechanism of extreme precipitation variation.

5. Conclusions

In this paper, we examined daily precipitation data from 76 meteorological stations around and
within the Tibetan Plateau from 1986 to 2015. We identified temporal trends and spatial patterns for
10 indices of extreme precipitation and explored trends and determined the magnitude of extreme
precipitation for these different ecosystems. We also revealed a correlation between ENSO and extreme
precipitation using crossover wavelet transform. The conclusions are summarized as follows: CDD,
SDII, and R99 showed significant increased trends across the Tibetan Plateau from 1986 to 2015, but
the trends of other extreme precipitation indices were nonsignificant. The spatial pattern revealed
the southeastern region of the Tibetan Plateau was the relatively wet region. The higher risk of
occurrence of extreme precipitation in the southeastern than that in other regions. In addition, these
regions had the upward trends, which were mainly located in the southwestern, middle, and northern
part of the Tibetan Plateau. Extreme precipitation exhibited a downward trend in the southeastern
plateau. Moreover, variation characteristics of extreme precipitation in different ecosystems showed
that R10mm, R20mm, PRCPTOT, and R95 in forest areas had decreasing trends; whereas the other six
indices exhibited increasing trends, and only CDD was significant. Meanwhile, extreme precipitation
indices generally exhibited increasing trends in the alpine meadow, alpine steppe, and desert steppe.
Additionally, CWD and R20mm had slightly decreasing trends in the alpine meadow and the desert
steppe, respectively. According to crossover wavelet transform, the duration and magnitude displayed
a negative correlation between extreme precipitation and ENSO, but there was a positive correlation
between ENSO and the intensity and frequency of extreme precipitation. These results indicate that
ENSO are remote drivers of extreme precipitation variability in the Tibetan Plateau, which potentially
could improve the ability to predict extreme precipitation in the Tibetan Plateau.

This study provides a foundational analysis for future research of the deeper impact and
mechanisms of extreme precipitation and of the impact of extreme precipitation on the Tibetan Plateau
ecosystems and its water source.
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Appendix A

Table A1. Correlation coefficients between annual average precipitation (AAP) and the extreme
precipitation indices in alpine meadow.

Indices AAP CDD CWD PRCPTOT R10mm R20mm R95 R99 RX1day RX5day SDII

AAP 1
CDD 0.02 1
CWD 0.52 ** 0.05 1

PRCPTOT 0.99 ** 0.03 0.52 ** 1
R10mm 0.91 ** 0.08 0.39 * 0.92 ** 1
R20mm 0.55 ** −0.08 0.20 0.56 ** 0.57 ** 1

R95 0.67 ** 0.13 0.27 0.68 ** 0.67 ** 0.89 ** 1
R99 0.37 * 0.25 0.33 0.38 * 0.29 0.60 ** 0.69 ** 1

RX1day 0.37 * 0.11 0.34 0.37 * 0.25 0.43 * 0.60 ** 0.74 ** 1
RX5day 0.65 ** −0.01 0.59 ** 0.65 ** 0.59 ** 0.69 ** 0.77 ** 0.70 ** 0.79 ** 1

SDII 0.60 ** 0.24 0.24 0.62 ** 0.75 ** 0.79 ** 0.83 ** 0.61 ** 0.46 ** 0.73 ** 1

Note: ** significant at the 0.01 significance level; * significant at the 0.05 significance level.

Table A2. Correlation coefficients between annual average precipitation (AAP) and the extreme
precipitation indices in alpine steppe.

Indices AAP CDD CWD PRCPTOT R10mm R20mm R95 R99 RX1day RX5day SDII

AAP 1
CDD −0.13 1
CWD 0.69 ** −0.16 1

PRCPTOT 0.99 ** −0.12 0.69 ** 1
R10mm 0.88 ** 0.14 0.62 ** 0.88 ** 1
R20mm 0.38 * 0.16 0.21 0.39 * 0.36 1

R95 0.50 ** 0.19 0.32 0.50 ** 0.49 ** 0.92 ** 1
R99 0.28 0.07 0.15 0.27 0.15 0.67 ** 0.75 ** 1

RX1day 0.48 ** 0.02 0.36 0.48 ** 0.34 0.50 ** 0.62 ** 0.78 ** 1
RX5day 0.46 * 0.05 0.58 ** 0.45 * 0.41 * 0.48 ** 0.66 ** 0.70 ** 0.74 ** 1

SDII 0.58 ** 0.22 0.53 ** 0.59 ** 0.63 ** 0.67 ** 0.82 ** 0.62 ** 0.73 ** 0.75 ** 1

Note: ** significant at the 0.01 significance level; * significant at the 0.05 significance level.

Table A3. Correlation coefficients between annual average precipitation (AAP) and the extreme
precipitation indices in desert steppe.

Indices AAP CDD CWD PRCPTOT R10mm R20mm R95 R99 RX1day RX5day SDII

AAP 1
CDD −0.24 1
CWD 0.58 ** −0.33 1

PRCPTOT 0.99 ** −0.23 0.56 ** 1
R10mm 0.67 ** −0.25 0.22 0.69 ** 1
R20mm 0.64 ** −0.01 0.17 0.65 ** 0.54 ** 1

R95 0.81 ** −0.11 0.28 0.82 ** 0.89 ** 0.77 ** 1
R99 0.65 ** −0.03 0.18 0.66 ** 0.64 ** 0.92 ** 0.83 ** 1

RX1day 0.78 ** −0.10 0.22 0.80 ** 0.81 ** 0.83 ** 0.95 ** 0.91 ** 1
RX5day 0.81 ** −0.18 0.30 0.84 ** 0.85 ** 0.73 ** 0.93 ** 0.77 ** 0.92 ** 1

SDII 0.67 ** 0.02 0.09 0.70 ** 0.73 ** 0.48 ** 0.78 ** 0.54 ** 0.78 ** 0.78 ** 1

Note: ** significant at the 0.01 significance level; * significant at the 0.05 significance level.
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