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Abstract: Although precipitation extremes exert a major influence on populations and the
environment, trend analysis for the entire Qinghai-Tibetan plateau (QTP) has not previously been
undertaken. In this study, meteorological data from 83 weather stations was used to analyze the
temporal trends and spatial distribution of 10 extreme precipitation indices over the QTP during
1975–2014. The Mann Kendall test and Sen’s slope estimator were used to determine significances and
magnitudes of station trends. Spatially, stations recording increasing trends were mainly distributed in
the southwestern, central and northern regions. Stations with decreasing trends were centered on the
eastern and southeastern areas. Temporally, all indices had an increasing trend except for consecutive
dry days (CDD) and consecutive wet days (CWD) during the study period. The contribution of
extreme precipitation to total precipitation showed a significant increasing trend. These findings may
be due to the complex interaction between the large-scale circulation and topography. In general,
the changes of extreme precipitation indicated an enhanced tendency, with the frequency, intensity
and amount of heavy precipitation increasing over time. Furthermore, altitude dependency of
extreme precipitation does not exist in QTP, with topography effects on changes in precipitation
extremes being more obvious in the higher elevation, flat, and hill stations.

Keywords: extreme precipitation; spatiotemporal trend; Qinghai-Tibetan plateau; Mann–Kendall
test; Sen’s slope estimator; topography

1. Introduction

Variability and trends in extreme climatic events, being more sensitive to climate change than
those of mean values, have gained more attention in recent years [1]. This focus is important as
extreme climatic events pose numerous hazards for human populations and natural ecosystems [2].
Precipitation extremes are especially important because of their natural hazard-related impacts,
such as droughts, floods, severe erosion, and economic-related impacts such as agriculture and
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water resources [3–6]. Generally, trends of precipitation extremes are more difficult to detect than
that of temperature extremes, because changes in precipitation exhibit much less spatial coherence [7].
Consequently, current research on climate has focused on assessing the changes in extreme precipitation
with the aim to understanding their mechanisms in order to minimize environmental problems and
other issues, and to provide more information for adaptive measures.

Global scale extreme precipitation variability and trends have shown a widespread and significant
increase; the frequency of heavy precipitation events in many areas, particularly in mid-latitude
regions, have increased [8,9]. Country-wide results from North America [10] and China [11] reflect
these global observations; Li et al. [12] however recorded decreasing annual precipitation and the
frequency of heavy precipitation days in Yunnan, China. Results from the Asia-Pacific Network
region [13] and across Europe [14] also did not detect any systematic trends for total precipitation,
frequency, and duration of extreme precipitation events. Variations in results from these investigations
show that differences of study area in precipitation extremes can be great, and that changes in particular
regions are not consistent. Understanding the changes in extreme climate events at a particular region
is important to establish countermeasures to adapt to the impacts of climate change.

The Qinghai-Tibetan plateau (QTP), containing a unique topography at a high altitude,
plays an important role in the regional climate of East and South Asia, as well as on the atmospheric
circulation of the Northern Hemisphere [15,16]. The QTP is considered a sensitive region to global
change, characterized as the driving force or amplifier for global change [17]. The QTP also exerts
a major influence on moisture transport from the Indian Ocean to East Asia [18]; the upper
atmospheric moisture transport affects the global environment [19]. Rivers originating from the
QTP are important water sources for nearly 40% of the global population; precipitation, especially
extreme precipitation-related river discharges [19], vegetation phenology [20], and natural hazards [21]
have an important effect on local populations. Due to the importance of this area, and its effect
upon populations, more focus has been paid to climate change of the QTP. Previous investigations
showed a statistically significant warming trend (0.36 ◦C/decade) over the QTP from 1960–2007 [22].
This warming trend exceeded global warming trends (0.13 ◦C/decade; [23]) and the warming trend
recorded across China (0.26 ◦C/decade; [24]). Precipitation trends over the QTP recorded large regional
differences from 1961–2001; increased trends were observed for most regions, especially in eastern and
central areas, while the western areas exhibited a decreased trend [25]. However, some investigations
on extreme precipitation only involved partial areas of the QTP [26–29], and precipitation extremes
for the entire QTP separated from China have not been previously investigated in detail. Moreover,
many studies have confirmed the impact of complex topography over the QTP on spatiotemporal
variations of precipitation [30–32]; nevertheless, whether and what kind of topographical influence
exists in relation to changes of extreme precipitation still needs further study. Zhang et al. reported
there was a negative correlation between precipitation extremes and elevation in the Hengduan
Mountains region [29]. Li et al. showed that extreme precipitation events mainly increased at lower
altitude, and obvious changes existed at summit, flat and valley stations in southwestern China [33].
Hence, similar altitude dependency and topography effects were expected to be true in the QTP.
In order to fully understand the spatial and temporal trends of extreme precipitation and their
correlates to topography in the QTP, more in-depth investigations are required.

The objectives of this investigation were to (1) analyze the spatial and temporal variations in the
changing characteristics of precipitation extremes in the QTP; (2) examine the relationship between
topography and trends in indices of precipitation extremes in the QTP. The study will increase our
understanding on the changes of precipitation extremes under the impact of climate change.
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2. Experiments

2.1. Study Area

The Qinghai-Tibetan Plateau (QTP) (26◦02”–39◦46” N, 73◦18”–104◦47” E), located in southwestern
China (Figure 1), has an area approximately 2.4 × 106 km2 and includes Tibet, Qinghai, and areas of
Yunnan, Sichuan, Gansu and Xinjiang. The QTP has an average elevation of over 4000 m and it has
been termed “the Third Pole” or the “Roof of the World” [34,35]. The QTP is surrounded by large
mountains, such as the Kunlun Mountains, the Qilian Mountains, the Himalaya Mountains, and the
Hengduan Mountains. Many rivers originate from the QTP, such as the Yangze River, the Yellow River,
the YaluZangbo River, the Lancang-Mekong River, and the India River. The QTP is also referred to as
the largest high-altitude inland lake area in the word, having more than 1000 lakes greater than 1 km2

in area [36]. More than 13 × 104 km2 of wetland area is distributed across the plateau, also making this
area one of the most important wetland ecosystem areas in China [37].
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Figure 1. Location of study area and stations.

The QTP has a typical alpine climate, being characterized by warm, rainy summers and cold,
dry winters [25]. The southeastern area of the plateau is characterized by humid conditions with arid
and semi-arid conditions dominating the northwestern areas. Annual average temperatures increase
from the northwest to the southeast and annual average precipitation decreases from over 4000 mm in
the southeast to only 20 mm in the northwest (Qaidam Basin) [38].

2.2. Data Source

Daily precipitation data spanning 1960–2014 from total 135 weather stations were obtained
from the National Climate Center of China Meteorological Administration (Available online:
http://data.cma.cn/). The World Meteorological Organization defined a normal climate as being the
mean of climatological variables over a 30-year-period [39], therefore for our investigation, stations
which ceased to operate during the study period, or established after 1990, were not selected. As the
majority of weather stations distributed in the Tibet autonomous region were commissioned in the
1970s, to attain an applicable balance between the spatial coverage of stations and length of time series,
83 stations with data spanning 1975–2014 were eventually used. Figure 1 shows the locations of these
weather stations.

http://data.cma.cn/
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2.3. Data Quality and Homogeneity Test

To ensure that the best possible data sources were used, quality control was performed using
the RClimDex package developed by the CCl/CLIVAR/JCOMM Expert Team (ET) on Climate
Change Detection and Indices ETCCDI [40] to identify errors in data processing, such as errors
in manual keying [8]. Initially, missing values were checked by a graphical method and replaced
with an internal format (currently coded as −99.9), and daily precipitation data with negative values
were flagged as erroneous. Any obvious outliers which were identified in the daily precipitation
data by examination of visual data graphs and histograms were checked manually. On the basis of
statistical tests, local knowledge and data from neighboring stations, identified suspicious outliers
were corrected and removed.

The aim of the homogeneity test is to eliminate the influence of artificial changes that are related
to natural variations in climate. Owing to the various types of inhomogeneities, the homogeneity
test is extremely complex and difficult to undertake successfully [41]. Inhomogeneities due to step
changes, such as station relocation, observing procedures and instrument changes were tested in this
study. RHtestV4 [42], which is based on a two-phase regression model with linear trend, was used
to identify step changes in the precipitation time series. According to the results of the penalized
maximal F (PMF) test, values of PMFmax for all stations were insignificant at the 0.05 level. Thus,
the 83 stations selected for analysis in this study passed this test.

2.4. Indices of Extreme Precipitation

Ten indices of extreme precipitation recommended by ETCCDI were selected for this study.
These indices were derived from daily precipitation and can be divided into five different categories:
(1) threshold indices; (2) absolute indices; (3) duration indices; (4) percentile-based indices; and (5) other
indices [8]. Table 1 provided the detailed descriptions of above indices. RClimDex was used to calculate
the indices after the data quality control and homogeneity test. Moreover, annual contribution from
very wet days (R95pT) and extremely wet days (R99pT) were also used in this study, they are defined
as (R95p/PRCPTOT)*100 and (R99p/PRCPTOT)*100, respectively.

Table 1. Indices of extreme precipitation used in this study.

Type Name Definition Units

Threshold
Number of heavy

precipitation days (R10) Annual count of days when RR ≥ 10 mm days

Number of very heavy
precipitation days (R20) Annual count of days when RR ≥ 20 mm days

Absolute

Maximum one-day
precipitation amount (R×1d) Monthly maximum one-day precipitation mm

Maximum five-day
precipitation amount (R×5d) Monthly maximum consecutive five-day precipitation mm

Duration
Consecutive dry days (CDD) Maximum number of consecutive days with RR < 1 mm days

Consecutive wet days (CWD) Maximum number of consecutive days with RR ≥ 1 mm days

Percentile
Very wet day precipitation (R95p) Annual total precipitation when RR > 95th

percentile of 1975–2014 daily precipitation mm

Extremely wet day
precipitation (R99p)

Annual total precipitation when RR > 99th
percentile of 1975–2014 daily precipitation mm

Other
Annual total wet-day

precipitation (PRCPTOT) Annual total precipitation from wet days (RR ≥ 1 mm) mm

Simple daily intensity index (SDII) Average precipitation on wet days mm day−1

Abbreviations are as follows: RR, daily precipitation; A wet day is defined when RR ≥ 1 mm.
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2.5. Statistic Analysis

A great many statistical methods have been developed to detect the trend in long-time
series of hydro-meteorological variables, including parametric and non-parametric methods [43–45].
The non-parametric Mann–Kendall (MK) test [46,47] is a valid tool for assessing the significance of
monotonic trends in hydro-meteorological time series; it is suitable for non-normally distributed data,
including missing values, and it is less influenced by the presence of outliers in the data [48]). The
magnitudes of identified trends were analyzed using Sen’s slope estimator [49]. In our study, these
two non-parametric methods were applied to analyze trends in precipitation extremes. Both methods
require time series to be serially independent, which can be accomplished by using a pre-whitening
technique [50]. This process adopts the same procedure proposed by Yue et al. [51] to eliminate
the influence of autocorrelation before applying the MK test and Sen’s slope estimator. To analyze
percentage changes of extreme precipitation to total precipitation on an inter-annual scale, the regional
series of the ratio between the precipitation amount on very (extremely) wet days to the total
precipitation (R95pT and R99pT) was calculated, and the significance was tested using the MK test.

The correlation between the trend magnitudes in extreme precipitation indices and elevation was
analyzed and tested by a non-parametric Kruskal–Wallis test. To investigate whether topography can
influence the changes of extreme indices, the relief amplitude was extracted in QTP. Han et al. [52]
reported that 1.17 km2 could be the best window area for extraction of relief amplitude in the QTP.
In this study, relief amplitude in QTP was extracted at a grid unit of 36 × 36 mesh size (1.17 km2)
derived from ASTER GDEMV2 data (Available online: http://www.gscloud.cn/). According to
the relief amplitude, the 83 stations were classified into four topographic groups: flat (<30 m),
mesa (30–70 m), hill (70–200 m), and low rolling mountain (200–500 m), and the average trend
magnitudes of each index in categorized topographic group were tested using a non-parametric
Kruskal–Wallis test.

3. Results

3.1. Spatiotemporal Variability and Trends of Extreme Precipitation

3.1.1. Threshold Indices

Regional annual anomaly series was used to examine the temporal evolution of these indices in
detail (Figure 2). Figure 2a,b shows temporal variation in the number of heavy precipitation days (R10)
and of very heavy precipitation days (R20); R10 and R20 had increasing fluctuations from 1975 to 2014.
The trend magnitudes in R10 and R20 were 0.24 d/decade and 0.07 d/decade, respectively; however,
neither result was significant (Table 2).

The spatial distribution of R10 showed that more than 50% of stations recorded an increasing
trend, and these stations were located in the southeastern and northeastern parts of the QTP. Stations
with no identifiable trends were generally scattered across the plateau. Of the stations recording
increasing trends, 10% had a magnitude ranging from 0.66 to 1.76 d/decade (Figure 3a, Table 2); these
were identified as being significant. For R20, about 65% of stations, being distributed across most of
the plateau, showed increasing trends with a magnitude ranging from 0.01 to 0.75 d/decade. However,
only seven stations were significant at the 95% confidence level (Figure 3b). About 28% of stations had
a decreasing trend and these were mainly located in the east and southeastern areas of the plateau.
The results from these stations had a magnitude ranging from −0.03 to −1.21 d/decade; only one
station was recorded as being significant at the 0.05 significance level.

http://www.gscloud.cn/
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Figure 2. Regionally averaged anomaly series of the 10 indices, 1975–2014. (a) R10; (b) R20; (c) R×1d; 
(d) R×5d; (e) CDD; (f) CWD; (g) R95p; (h) R99p; (i) PRCPTOT; and (j) SDII. The dotted line is the 
five-year smoothing average and the black line is the linear trend. 

  

Figure 2. Regionally averaged anomaly series of the 10 indices, 1975–2014. (a) R10; (b) R20; (c) R×1d;
(d) R×5d; (e) CDD; (f) CWD; (g) R95p; (h) R99p; (i) PRCPTOT; and (j) SDII. The dotted line is the
five-year smoothing average and the black line is the linear trend.
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Figure 3. Spatial patterns of magnitude of trend for the indices of extreme precipitation, 1975–2014 
for (a) R10; (b) R20; (c) R×1d; (d) R×5d; (e) CDD; (f) CWD; (g) R95p; (h) R99p; (i) PRCPTOT; and (j) 
SDII. Signs are scaled according to the magnitude of trend. Color coding is as follows: blue 
corresponds to decreasing trends, red to increasing trends, and black dots to no trend. Stations with a 
significant trend at the 0.05 level are shown by being surrounded by a black square. 

Figure 3. Spatial patterns of magnitude of trend for the indices of extreme precipitation, 1975–2014 for
(a) R10; (b) R20; (c) R×1d; (d) R×5d; (e) CDD; (f) CWD; (g) R95p; (h) R99p; (i) PRCPTOT; and (j) SDII.
Signs are scaled according to the magnitude of trend. Color coding is as follows: blue corresponds to
decreasing trends, red to increasing trends, and black dots to no trend. Stations with a significant trend
at the 0.05 level are shown by being surrounded by a black square.



Atmosphere 2017, 8, 127 8 of 16

Table 2. Trend magnitudes per decade (95% confidence intervals in parentheses) for regional indices of
extreme precipitation, 1975–2014 (values for trends significant at the 0.05 level are in bold). Percentage
of stations (bold) and percentage of stations with a significant trend (at 0.05 level) (italics) are
indicated in parenthesis, for both negative and positive trends for annual extreme precipitation indices,
from 1975–2014.

Index Units Trend Magnitudes Increasing No Trend Decreasing

R10 days per decade 0.27 ± 0.07 (−0.12, 0.41) 42 (50.6%, 9.6%) 31 (37.3%) 10 (12%, 1.2%)
R20 days per decade 0.07 ± 0.03 (0.01, 0.13) 54 (65.1%, 8.4%) 6 (7.2%) 23 (27.7%, 1.2%)

R×1d mm per decade 0.45 ± 0.12 (0.21, 0.68) 55 (66.3%, 8.4%) 2 (2.4%) 26 (31.3%, 0.0%)
R×5d mm per decade 0.50 ± 0.24 (0.03, 0.97) 49 (59.0%, 4.8%) 1 (1.2%) 33 (39.8%, 1.2%)
CDD days per decade −0.87 ± 0.51 (−1.89, 0.16) 34 (41.0%, 3.6%) 4 (4.8%) 45 (54.2%, 0.0%)
CWD days per decade −0.02 ± 0.03 (−0.07, 0.03) 13 (15.7%, 0.0%) 58 (69.9%) 12 (14.5%, 3.6%)
R95p mm per decade 3.24 ± 0.88 (1.49, 4.99) 54 (65.0%, 8.4%) 7 (8.4%) 22 (26.5%, 0.0%)
R99p mm per decade 1.96 ± 0.53 (0.91, 3.01) 57 (68.7%, 8.4%) 0 (0.0%) 26 (31.3%, 0.0%)

PRCPTOT mm per decade 6.98 ± 1.60 (3.80, 10.16) 62 (74.7%, 15.6%) 0 (0.0%) 21 (25.3%, 0.0%)
SDII (mm day−1) per decade 0.08 ± 0.01 (0.05, 0.11) 54 (65.1%, 10.8%) 1 (19.3%) 13 (15.7%, 0.0%)

3.1.2. Absolute Indices

For the entire QTP, maximum one-day precipitation amounts (R×1d) and maximum five-day
precipitation amounts (R×5d) recorded significant increases (Figure 2c,d); average magnitudes of
0.45 and 0.50 mm/decade, respectively, were recorded. These two indices had similar fluctuations:
from 1975–2005 they both fluctuated before rapidly increasing after 2005.

Weather stations recording increasing trends for R×1d (66.3% of stations; magnitude of 0.05 to
2.88 mm/decade), although generally being distributed across the plateau, had a number centered on
the area of the Three-River source and in northeastern areas. However, only seven stations recorded a
significant trend at the 95% confidence level (Figure 3c, Table 2). Results for R×5d showed that 59.0%
of stations (49 stations) had an increasing trend; the spatial distribution of these stations were scattered
across the QTP. The recorded magnitudes ranged from 0.03 to 4.64 mm/decade, although only four
stations were found to be significant (Table 2). In addition, 33 stations recorded a decreasing trend;
these stations were centered on the eastern and southern areas of the plateau (Figure 3d, Table 2).

3.1.3. Duration Indices

Records for consecutive dry days (CDD) and consecutive wet days (CWD) showed a decreasing
trend in the QTP from 1975–2014, with an average magnitude of −0.87 and −0.02 d/decade,
respectively. Neither result was found to be significant (Table 2). CDD had a decreasing trend
from 1975 to 1990, after which the trend increased. CWD however recorded large fluctuations from
1975 to 2000. Results after the year 2000 then showed a decrease of CWD until 2010 (Figure 2e).

The spatial trends for CDD are shown in Figure 3e. Results showed that 41.0% of stations
recorded increasing trends, these stations predominantly being distributed in the southern plateau
area. The magnitudes from these stations ranged from 0.34 to 9.06 d/decade, with only three stations
having a significant trend (7.27, 7.50 and 8.33 d/decade for Nielaer, Jiulong and Linzhi, respectively).
A decreasing trend was identified for 54.2% of stations, these being centered on the central, eastern
and northern plateau areas. Results for these decreasing trends were found to not be significant at the
0.05 level.

A remarkable feature of CWD was that almost 70% of stations showed no trend (Figure 3f). Twelve
stations with increasing trends were mainly located in the central QTP, with some stations being
sporadically distributed in the northern and western areas. Thirteen stations recorded a decreasing
trend and they were mainly located in the eastern areas; of these, only three stations were found to be
significant, having magnitudes ranging from −0.84 to −0.47 d/decade.
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3.1.4. Percentile-Based Indices

Across the whole of the plateau, very wet day precipitation (R95p) and extremely wet day
precipitation (R99p) had an obvious increasing trend over the investigation period, with an average
magnitude of 3.24 and 1.96 mm/decade, respectively. However, R99p was significant, while R95p was
not significant (Table 2). In general, both indices had similar fluctuations.

Results for R95p showed that 54 stations (65.0% of stations), located across the study region,
recorded increasing trends, ranging from 0.13 to 21.05 mm/decade. However, only seven of these
stations were significant at the 95% confidence level (Table 2).Twenty two stations with decreasing
trends were identified across the plateau, the majority of which were located in the eastern and
southern regions. None of these stations however were found to be significant. Moreover, seven
stations located in the Qaidam Basin and southwestern QTP identified no trend.

Results for R99p recorded decreasing trends for 31.3% of the stations, these being predominantly
distributed in the eastern and southern plateau areas. Although an increasing trend was identified for
68.7% of stations, having magnitudes of 0.05–14.7 mm/decade, only seven stations had a significant
increasing trend (Table 2).

3.1.5. Other Indices

Across the entire plateau, a significant increase was observed in the annual total wet-day
precipitation (PRCPTOT) with a magnitude of 6.98 mm/decade over the past 40 years, while the simple
daily intensity index (SDII) had a weak and insignificant increase (Table 2). In general, both indices
had similar fluctuations.

Results for PRCPTOT showed that 74.7% of stations recorded an increasing trend, these
stations being distributed across the study area. Of these stations, 15.6% (mainly located in the
central areas of the plateau) recorded significant increases, having a magnitude ranging from
15.5 to 33.3 mm/decade (Figure 3i). Stations which recorded decreasing trends, with magnitudes
ranging from −0.15 to −59.34 mm /decade, were distributed in the east and south periphery of the
plateau. None of these stations were found to be significant (Figure 3i).

Results for SDII showed increasing trends at 54 stations, covering most of study area. Among
these stations, nine locations were shown to have a statistically significant trend (Figure 3j); the
magnitude of trend ranged from 0.02 to 0.36 mm day−1/decade. Decreasing trends were identified at
12 stations that were scattered across the plateau; however, none of these stations were found to be
statistically significant. In addition, 16 stations recorded no trend over the study period.

3.2. Contribution of Extreme Precipitation to Total Precipitation

The results showed that the contribution of extreme precipitation to total precipitation generally
increased from 1975–2014, although there were large fluctuations in the data (Figure 4a,b). Precipitation
on very wet days accounted for an average of 18.6% of total precipitation (ranging from 15.4 to 22.5%;
Figure 4a) with a significant positive trend (0.06%/decade) at the 0.05 level. The average contribution
in the extremely wet days was 5.2% (ranging from 2.8 to 8.1%; Figure 4b) with a significant trend
(0.05%/decade) at the 0.05 level.

Spatial distribution of R95pT showed that stations recording an increasing trend (57.8% of stations)
were mainly distributed in the Three-River source area, the middle reaches of the YaluZangbo River,
the southeast and northeast periphery of the plateau (Figure 4c). However, only eight stations were
found to have a significant trend. Stations which recorded a decreasing trend, with magnitudes of
−0.13 to −2.91%/decade, were distributed in the central and eastern areas of the plateau; none of
these stations however were found to be significant. Six weather stations, predominantly located in
the Qaidam Basin and to the southwest of the plateau, did not record a trend across the study period.

With respect to R99pT, increasing trends were recorded for 63.8% of stations. These stations were
mainly centered on the Qaidam Basin, the middle reaches of the YaluZangbo River, the source of
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the Yangtze and Lancang rivers, the southeast and northeast periphery of the plateau (Figure 4d).
Thirty stations were identified as having decreasing trends across the study period, scattered across
the plateau, however none of these stations recorded a statistically significant trend.
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Figure 4. Regional series and spatial distribution for the percentage of the index of precipitation on
very wet days to total precipitation (R95pT) and the ratio of the index of precipitation on extremely
wet days to total precipitation (R99pT). (a) Regional series for very wet days contribution; (b) Regional
series for extremely wet days contribution. The dotted line is the five-year smoothing average and
the black line is the linear trend; (c) Spatial distribution for very wet days contribution; (d) Spatial
distribution for extremely wet days contribution. Signs are scaled according to the magnitude of trend.
Color coding is as follows: blue corresponds to decreasing trends, red to increasing trends and black
dots indicate no trend. Stations with a significant trend at the 0.05 level are shown surrounded by
black squares.

3.3. Relationship between Precipitation Extremes and Topography

Table 3 illustrates the correlation coefficients between the trend magnitudes in extreme
precipitation indices and elevation. Among these indices, only PRCPTOT was found a statistically
significant positive correlation with the elevation at a 95% confidence level. Negative correlations
were observed for CDD and SDII, but not significant. Besides the above three indices, a positive and
insignificant correlations were shown.

Table 3. Correlation coefficients between the trends of extreme precipitation indices and elevation.

Indices R10 R20 R×1d R×5d CDD CWD R95P R99P PRCPTOT SDII

Coefficient 0.079 0.110 0.090 0.077 −0.116 0.112 0.068 0.126 0.362 * −0.056

* significant at 0.05 significance level.

Table 4 shows the average trend magnitudes of each index in the categorized elevation groups.
There are six indices with the largest trend magnitudes appearing at 4501–5000 m. Among them,
R10, R×1d, R×5d, R95p, and PRCPTOT displayed a positive trend, and CDD had a negative trend.
For R20, the largest trend magnitude existed at 4001–4500 m. For R99p and SDII, the positive trends
were shown in the all elevation groups, and the largest trend magnitudes emerged at 3001–3500 m and
<2500 m, respectively. The largest trend magnitude for CWD existed at 2501–3000 m, with a negative
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trend. To investigate the impact of different elevation groups on the extreme indices, non-parametric
Kruskal-Wallis test was performed. The results show that there was no significant difference between
the elevation groups and precipitation extreme indices except for PRCPTOT. In addition, the trend of
each extreme indices showed a different fluctuation with elevation, which also showed that elevation
had a little effect on the change in precipitation extreme indices. Only the change of PRCPTOT was
affected by the elevation.

Table 4. Average trend magnitudes of extreme precipitation in the categorized elevation groups.

Precipitation Extremes <2500 2501–3000 3001–3500 3501–4000 4001–4500 >4501

Number of Stations 9 19 17 18 14 6
R10 −0.30 0.45 0.24 0.22 0.24 0.78
R20 −0.01 0.05 0.07 0.06 0.14 0.09

R×1d 0.35 0.11 0.81 0.45 0.37 0.82
R×5d −1.22 0.41 0.94 0.84 0.37 1.44
R95P 3.85 2.29 3.26 2.83 3.63 5.99
R99P 2.53 0.82 2.65 2.20 1.75 2.54
CDD 0.56 −0.86 −1.10 0.46 −1.79 −3.86
CWD −0.16 −0.52 −0.07 0.06 0.01 −0.05

PRCPTOT −9.42 4.40 4.26 10.57 11.38 26.39
SDII 0.12 0.07 0.09 0.08 0.05 0.10

The bold is the maximum magnitude for each indices. The units are same as Table 2.

Table 5 shows the average trend magnitudes of each index in categorized topographic group.
For R10, R99p, CDD, CWD and SDII, the largest trend magnitude appear at the flat group. For R20,
R×1d, R×5d, R95p and PRCPTOT, the largest value of trend magnitudes occurred at the hill group.
In general, the trend magnitude was more obvious at flat and hill groups than in that of mesa and low
rolling mountain groups. Further, the trend magnitudes were lower in low rolling mountain groups
than in that of other groups. Overall, each trend of extreme indices showed a different fluctuation with
the topography. According to non-parametric Kruskal-Wallis test, only the change of PRCPTOT was
affected significantly by the topography (p = 0.038).

Table 5. Average trend magnitudes of precipitation extremes in the categorized topographic groups.

Precipitation Extremes Flat Mesa Hill Low Rolling Mountain

Number of Stations 29 21 17 16
R10 0.47 0.14 0.33 −0.01
R20 0.11 0.03 0.13 −0.04

R×1d 0.58 0.26 0.62 0.27
R×5d 0.37 0.77 1.25 −0.40
R95p 4.02 2.83 5.62 −0.01
R99p 2.67 0.92 2.25 1.72
CDD −1.69 −0.36 −1.23 0.48
CWD −0.36 −0.07 0.09 −0.07

PRCPTOT 9.51 6.22 12.40 −2.38
SDII 0.10 0.06 0.08 0.07

The bold is the maximum magnitude for each indices. The units are same as Table 2.

4. Discussion

Climatologically, QTP is affected by large-scale circulations of monsoons and the westerlies. These
weather systems not only have a major influence upon precipitation changes in this area, but the
strength of these systems directly controls their respective effect-ranges [53]. In our study area, summer
precipitation accounted for more than 60% of annual total precipitation over the QTP; this decreased
from the southeastern to the northwestern regions of the plateau [54]. Investigations by Chen et al. [18]



Atmosphere 2017, 8, 127 12 of 16

and Dong et al. [55] have shown that the influence of the South Asian Summer Monsoon (SASM)
affects summer precipitation in the southwestern part of the QTP due to its effect on deep-convective
systems in the Indian plain. The southeastern area of the QTP is also controlled by the SASM. In our
study, the extreme indices, such as R×1d, R×5d, R95p, R99p, and PRCPTOT indicated a decreasing
trend in the southern part of the plateau, especially in the southeastern area, which may have been
caused by a decrease in the SASM (Figure 5a).The climate of the eastern area of the QTP is mainly
controlled by the East Asian Summer Monsoon (EASM), located in the northern Sichuan province and
the southern Gansu province. Figure 5b shows that EASM had an obvious decreasing trend during the
study period, which may have been the cause of the decrease of precipitation extremes in this area
(including R×1d, R×5d, R95p, R99p and PRCPTOT). In the north and western areas of the plateau,
including the Qidam basin, Kunlun and Qilian Mountain areas, extreme precipitation, including R10,
R20, R1×d, R5×d, R95p, R99p, PRCPTOT and SDII, indicated an increasing trend in most stations over
the past 40 years. Liu and Duan [53] identified that precipitation on the QTP, especially in the north
and western areas, is affected by the North Atlantic Oscillation (NAO), and the increased precipitation
in the northern plateau areas were linked to enhanced NAO activity. Temporally, all indices showed
an increasing trend except for CDD and CWD during 1975–2014, and similar trends in the extreme
precipitation have been observed in different parts of the world [56–58]. Indices such as R10, R×1d,
and R×5d exist in contradiction with the results of the adjacent Loess plateau [7], Yunnan Province [12],
and the eastern and central QTP [26], Hengduan Mountains [29]. These differences were probably
due to the analysis period and the spatial domains, which highlights the less spatial coherence of
precipitation and the importance of trend analysis at a regional scale. Moreover, the contribution of
R95p and R99p to total precipitation also increased significantly (0.06 and 0.05%/decade, respectively).
In general, results for the precipitation extremes showed an increasing trend across the QTP.

Atmosphere 2017, 8, 127  12 of 16 

 

by the SASM. In our study, the extreme indices, such as R×1d, R×5d, R95p, R99p, and PRCPTOT 
indicated a decreasing trend in the southern part of the plateau, especially in the southeastern area, 
which may have been caused by a decrease in the SASM (Figure 5a).The climate of the eastern area 
of the QTP is mainly controlled by the East Asian Summer Monsoon (EASM), located in the 
northern Sichuan province and the southern Gansu province. Figure 5b shows that EASM had an 
obvious decreasing trend during the study period, which may have been the cause of the decrease 
of precipitation extremes in this area (including R×1d, R×5d, R95p, R99p and PRCPTOT). In the 
north and western areas of the plateau, including the Qidam basin, Kunlun and Qilian Mountain 
areas, extreme precipitation, including R10, R20, R1×d, R5×d, R95p, R99p, PRCPTOT and SDII, 
indicated an increasing trend in most stations over the past 40 years. Liu and Duan [53] identified 
that precipitation on the QTP, especially in the north and western areas, is affected by the North 
Atlantic Oscillation (NAO), and the increased precipitation in the northern plateau areas were 
linked to enhanced NAO activity. Temporally, all indices showed an increasing trend except for 
CDD and CWD during 1975–2014, and similar trends in the extreme precipitation have been 
observed in different parts of the world [56–58]. Indices such as R10, R×1d, and R×5d exist in 
contradiction with the results of the adjacent Loess plateau [7], Yunnan Province [12], and the 
eastern and central QTP [26], Hengduan Mountains [29]. These differences were probably due to 
the analysis period and the spatial domains, which highlights the less spatial coherence of 
precipitation and the importance of trend analysis at a regional scale. Moreover, the contribution of 
R95p and R99p to total precipitation also increased significantly (0.06 and 0.05%/decade, 
respectively). In general, results for the precipitation extremes showed an increasing trend across 
the QTP. 

 
Figure 5. Normalized South Asian Summer Monsoon Index (a) and East Asian Summer Monsoon 
Index (b) during 1970–2014. The dash dotted line is the five-year smoothing average and the black 
line is the linear trend. 

In addition to the large-scale atmospheric circulations and local hydrological cycles, the 
topography may also partly exert an important impact on the extreme precipitation in the QTP. In 
some studies, the topography was considered to be an important influencing factor for precipitation 
change. Sanchez-Moreno et al. [59] found that elevation had little effect on high and more extreme 
rainfalls, while low and medium rainfall events were significantly affected by orography, with most 
of the rainfall appearing on high elevations in Santiago Island, Africa. Koinrad, II [60] also found 
that elevation is strongly associated with light precipitation events. Hession and Moore [61] found 
that rainfall was strongly influenced by elevation and slope during the ‘long rains’ and ‘short rains’. 
In this study, elevation was not found to be a significant effect on the change of extreme 
precipitation except for PRCPTOT, which was similar to the above studies. However, there were 
larger trend magnitudes in the higher elevation stations than that of lower elevation stations in 
most of the extreme indices, which may have been caused by more melting snow and an 
accelerated hydrological cycle, as more rapid warming occurred at higher elevations than in lower 

Figure 5. Normalized South Asian Summer Monsoon Index (a) and East Asian Summer Monsoon
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In addition to the large-scale atmospheric circulations and local hydrological cycles,
the topography may also partly exert an important impact on the extreme precipitation in the QTP.
In some studies, the topography was considered to be an important influencing factor for precipitation
change. Sanchez-Moreno et al. [59] found that elevation had little effect on high and more extreme
rainfalls, while low and medium rainfall events were significantly affected by orography, with most of
the rainfall appearing on high elevations in Santiago Island, Africa. Koinrad, II [60] also found that
elevation is strongly associated with light precipitation events. Hession and Moore [61] found that
rainfall was strongly influenced by elevation and slope during the ‘long rains’ and ‘short rains’. In this
study, elevation was not found to be a significant effect on the change of extreme precipitation except
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for PRCPTOT, which was similar to the above studies. However, there were larger trend magnitudes
in the higher elevation stations than that of lower elevation stations in most of the extreme indices,
which may have been caused by more melting snow and an accelerated hydrological cycle, as more
rapid warming occurred at higher elevations than in lower elevations [62].The relief amplitude also
had different effect on the trends of extreme precipitations. In particular, these changes of extreme
precipitations were more obvious in the flat and hill groups, which may be attributed to the uplift
effect of increased relief amplitude on the variation of the airflow.

5. Conclusions

Daily precipitation data from 83 meteorological stations on the Qinghai-Tibetan Plateau,
from 1975 to 2014, has enabled temporal trends and spatial distribution in 10 indices of extreme
precipitation to be analyzed using the Mann–Kendall test and Sen’s slope estimator. On the spatial
scale, more than 50% of stations showed increasing trends for the majority of indices, while only a few
stations had significant trends. Stations with increasing trends were distributed across the majority
of the study area, while stations with decreasing trends were mainly concentrated in the eastern and
southeastern areas of the plateau. Temporal results for all indices exhibited increasing trends except
for consecutive dry days (CDD) and consecutive wet days (CWD) during the study period, while only
maximum one-day precipitation amounts (R×1d), maximum five-day precipitation amounts (R×5d),
extremely wet day precipitation (R99p) and annual total wet-day precipitation (PRCPTOT) were
statistically significant, with a magnitude of 0.45, 0.5, 1.96 and 6.98 mm/decade, respectively. Results
also showed that the average precipitation contribution of very wet days and extremely wet days to
total precipitation showed a significantly increasing trend with 0.06 and 0.05%/decade, respectively.
These findings may be due to the complex interaction between the monsoon circulation, variations of
the NAO, and topography. In general, the frequency, intensity and volume of precipitation extremes
all increased, leading to wetter conditions. Furthermore, only PRCPTOT presented a statistically
positive correlation with elevation, indicating that extreme precipitation does not possess altitude
dependency in QTP. Similarly, only topography has a significant effect on changes in PRCPTOT.
However, the largest trend magnitude for most extreme precipitation indices mainly concentrated at
higher elevations, and hill and flat stations, indicating that changes of extreme precipitation in these
stations are more obvious than that of other topographical stations. Our results provide a foundation
for further analyses of precipitation extreme events and their related impacts in the QTP.
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