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Abstract
The Qinghai-Tibet Plateau, also known as the Earth’s “third pole”, is sensitive to climate change due to its extensive areas at high elevation, which are presently
dominated by snow and ice. Based on daily maximum and minimum surface air temperature and precipitation records at 94 meteorological stations
throughout the Qinghai-Tibet Plateau, the spatial and temporal variation of 16 temperature and 11 precipitation extremal indices were investigated during
1960 to 2016. The warmth indices, including the numbers of warm days, warm nights, summer days, and tropical nights showed signi�cantly increasing
trends. In contrast, the cold indices, including the numbers of cool days, cool nights, ice days, and frost days signi�cantly decreased. The number of frost day
and ice days showed the fastest decrease (3.9 and 2.7 days/decade, respectively), whereas the growing season length showed the fastest growth trend (2.8
days/decade). The frequency and intensity of cold temperature events increased at high elevations, whereas warm temperature events showed the opposite
trend. The regionally averaged monthly maximum 1-day precipitation and maximum consecutive 5-day precipitation increased by 0.17 and 0.70 mm per
decade, respectively. In contrast, the number of consecutive dry days (CDD) and consecutive wet days (CWD) decreased at rates of 1.11 and 0.03 days per
decade, respectively. The extreme precipitation events were more frequent in low-latitude and high-longitude regions. The strengthening Subtropical High Area
(SHA) and Subtropical High Intensity (SHI), westward movement of Subtropical High Western Ridge Point (SHW) have contributed to the changes in climate
extremes on the Qinghai-Tibet Plateau.

1 Introduction
Global warming has become an indisputable fact. According to statistics issued by the Fifth Assessment Report (AR5) of the Intergovernmental Panel on
Climate Change (IPCC, 2013), the globally averaged surface temperatures increased by 0.85°C between 1880 and 2012, and the total increase between the
average for the 1850–1900 period and the 2003–2012 period was 0.78°C (IPCC, 2013). It is generally believed that changes in the frequency or intensity of
extreme weather and climate events would have greater impacts on both human society and natural systems than changes in the mean climate variables
(Patz et al., 2005; McMichael et al., 2006; IPCC 2012; Thornton et al., 2014). IPCC (2012) noted that there is a high con�dence that economic losses from
weather- and climate-related disasters have increased during the last 60 years and will have greater impacts on water, agriculture, and food security, which are
closely linked to climate. Thus, understanding climate extremes has become more urgent than tracking changes in mean climate during global climate
change.

To improve this understanding, increasing attention has focused on the changes of temperature and precipitation extremes around the world. At a global
scale, it has been con�rmed that a large proportion of the global land area has been increasingly affected by changes in climatic extremes during the second
half of the 20th century (Frich et al., 2002). There were widespread signi�cant changes in temperature extremes associated with warming during the 20th
century, especially for indices derived from the daily minimum temperature. Simultaneously, extreme precipitation changes showed a widespread and
signi�cant increase, but the changes were much less spatially coherent than the temperature changes (Alexander et al., 2006). In addition, changes in
temperature extremes differed between paired urban and non-urban sites at a global scale, whereas changes in indices of extreme precipitation showed no
clear differentiation for paired urban and non-urban stations (Mishra et al., 2015).

Various regional studies pertaining to temperature and precipitation extreme indices have been conducted in different regions, including Europe (Klein Tank
and Können, 2003), Central and South America (Aguilar et al., 2005; Haylock et al., 2006; Skansi et al., 2013), the Asia-Paci�c region (Gri�ths et al., 2005), the
Arabian Peninsula (Alsarmi and Washington, 2014), Africa (New et al., 2006; Dike et al., 2020), Central and South Asia (Klein Tank et al., 2006), and Georgia
(Keggenhoff et al., 2014). These results provide strong evidence that global warming is related to signi�cant changes in temperature and precipitation
extremes. Furthermore, climate models have been used to compute and analyze the values of extreme temperature and precipitation indices for historical
periods and predict future changes in these extreme events at global and regional scales (Tebaldi et al., 2006; Kharin et al., 2007; Alexander and Arblaster,
2009; Russo and Sterl, 2011; Orlowsky and Seneviratne, 2012; Sillmann et al., 2013a, b). These studies indicated that the extreme warm temperatures and
extreme precipitation events will increase but that the frequency of extreme cold temperatures will decrease. However, a lack of su�cient observed data to
drive the climate models has led to large uncertainty in their �ndings, especially for regional-scale analyses in areas with complex physiographic conditions
and limited �eld data to parameterize the models. To improve the accuracy of these models, it’s therefore essential to analyze spatial and temporal trends in
extreme climate events based on �eld observations.

In China, various regional studies pertaining to extreme temperature and precipitation indices have been conducted, and have provided strong evidence that
global warming is causing signi�cant changes in temperature and precipitation extremes. These results generally showed that extreme cold indices, including
the numbers of frost days, cold days, and cold nights, have generally decreased in frequency and intensity, while the warmth indices, including the numbers of
summer days, warm days, and warm nights, have generally increased, with varying magnitudes of change across China’s diverse regions (Li et al., 2011; Zhen
and Li, 2014; Guan et al., 2015; Zhong et al., 2017). The numbers of extreme precipitation events have decreased in northeastern, northwestern, and central
China, but have increased in northern, southwestern, and southern China (Lu et al., 2014; Li et al., 2015; Sun et al., 2016). There were regional differences in the
changes for all these metrics, which demonstrates the importance and feasibility of investigating the response of extreme climate events from a regional
perspective (You et al., 2011).

The Qinghai-Tibet Plateau is a giant Chinese geomorphological unit, and lies at the highest elevation of any plateau in the world. It has a unique natural
environment and high spatial differentiation. Due to limitation of atmospheric circulation caused by the plateau’s topography, the plateau has a unique
combination of hydrothermal conditions, with the climate ranging from warm and humid in the southeast to cold and dry in the northwest. The tectonic uplift
of the plateau has profoundly affected the evolution of its natural environment and of adjacent areas, and climate change on the plateau is closely related to
global environmental changes (Zheng, 1999). Therefore, the Qinghai-Tibet Plateau is considered to be a “driver and ampli�er of global climatic change” (Pan
and Li, 1996) and “the best natural laboratory for uni�ed research on global change and Earth system science” (Bi, 1997). In recent years, a series of studies
have been carried out on the Qinghai-Tibet Plateau, focusing on the characteristics of climate change (Li and Chi, 2014; Zhang et al., 2016; Liu et al., 2019a),
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the relationships between climate change and vegetation (Xu and Liu, 2007; Zhang et al., 2010; Chen et al., 2014; Huang et al., 2016), and responses of the
permafrost ecosystem to climate change (Cheng and Wu, 2007; Wang et al., 2011; Lu et al., 2017). However, the changes in extreme climate events are not
clear. Regional assessments of regions with different climates and geography are needed to understand the uncertainties in how extreme events will respond
to global warming.

The Expert Team on climate change detection, monitoring, and indices that has been sponsored by the World Meteorological Organization Commission for
Climatology, and the Climate Variability and Predictability project has developed a set of indices (Peterson et al., 2001) that represent a common guideline for
regional climate analysis. The aim of this study is to use �eld-measured values of these indices to provide a better understanding of recent changes in the
variability, intensity, frequency and duration of climate extreme events across the Qinghai-Tibet Plateau. To do so, we analyzed temperature and precipitation
extreme indices based on observational data from multiple meteorological stations in the region. We hypothesized that both temperature and precipitation
extreme indices on the plateau would show signi�cant long-term trends, and that these trends would exhibit spatial variation related to variations in the
plateau’s geographic characteristics, and the temporal variations are mainly associated with atmospheric circulation patterns.

2 Data And Methods
2.1 Study area

We de�ned the boundary of the Qinghai-Tibet Plateau based on the system for de�ning China’s physical and geographical regions (Zheng, 1996). The plateau
is located in southwestern China (Fig. 1), where it covers an area of 2,603,431 km2. The elevation is generally greater than 4000 m. The plateau is surrounded
by high and extensive mountain ranges interlaced with valleys and basins. It is generally cold and dry in the northwest and warm and wet in the southeast,
with the annual average temperature ranging from − 5.6°C to 17.6°C across the region, and the temperature difference between day and night ranges from
14°C to 17°C. The precipitation distribution is uneven, with annual precipitation averaging more than 2000 mm in the southeast and approximately 17.6 mm in
the northwest (Zhang et al., 2017). The annual average wind speed is generally greater than 3.0 m s− 1 in the northwest, with more than 50 gale days (i.e., a
wind speed ≥ 17 m s− 1) annually (Li et al., 2001). The plateau’s population density is low and is mainly concentrated in cities, towns, and river valleys with
good natural conditions for farming, with an average regional population density of 5.0 persons per km2, but with a density in many areas less than 1.0 person
per km2 (Lv and Yu, 2011).
2.2 Data and quality control

We obtained quality-controlled meteorological data, including daily maximum temperatures, minimum temperatures, and daily precipitation, from 94
meteorological stations distributed throughout the Qinghai-Tibet Plateau (Fig. 1). The data from 1960 to 2016 (the most recent data available) was obtained
from the National Climate Center of the China Meteorological Administration (http://data.cma.cn). The quality and completeness of the dataset have been
signi�cantly improved as a result of strict quality control. To further ensure data quality, we (1) replaced all missing values (currently coded as − 99.9) into an
internal format (i.e., NA, for not available), and (2) replaced all unreasonable values with NA. Unreasonable values include (a) a daily rainfall that was less
than 0 mm and (b) a daily minimum temperature that was higher than the daily maximum temperature. In addition, we identi�ed outliers in daily maximum
and minimum temperatures, which we de�ned as daily values that lay outside a range de�ned as n times the standard deviation (STD) of the value for that
day. In this study, we de�ned that threshold as the mean plus or minus 5 STD based on the criteria used in previous studies (Rusticucci and Barrucand, 2004;
Haylock et al., 2008; Croitoru and Piticar, 2013).

We used version 4 of the RHtests software developed by Wang and Feng at the Climate Research Branch of the Meteorological Service of Canada
(http://etccdi.paci�cclimate.org/software.shtml) to detect and adjust �rst-order autoregressive errors caused by shifts. The RHtests package was applied
using the penalized maximal t test (Wang et al., 2007) and the penalized maximal F test (Wang, 2008b), which are embedded in a recursive testing algorithm
that accounts empirically for an autocorrelation with a lag of − 1 (if any) in the time series (Wang, 2008a).
2.3 Index calculations

The RClimDex software developed by Xuebin Zhang and Feng Yang from the Canadian Meteorological Service (Zhang and Yang, 2004) was used in this study
to calculate the climatic extreme indices. We chose a total of 27 indices (16 temperature and 11 precipitation indices; Table 1) for analysis. Since 2005, these
indicators have been widely applied to assess changes in temperature and precipitation extremes for different regions of the world (Aguilar et al., 2005; Dos
Santos et al., 2011; Croitoru and Piticar, 2013; Insaf et al., 2013; Guan et al., 2015; Croitoru et al., 2016; Filahi et al., 2016; Sun et al., 2016; Supari et al., 2017;
Gbode et al., 2019). Table 1 provides a brief description of each index. Based on how the temperature indices are computed, they can be further grouped into
four categories (Croitoru and Piticar, 2013; Wang et al., 2018). The absolute indices are de�ned based on a �xed threshold for the recorded temperature, and
comprise the number of frost days (FD), summer days (SU), ice days (ID), and tropical nights (TR). The relative indices comprise the number of cool nights
(TN10p), cool days (TX10p), warm nights (TN90p), and warm days (TX90p), which were identi�ed using percentile-based thresholds (with values of 10 and
90% for the lower and upper bounds, respectively). The extremal indices comprise indices computed based on the absolute values recorded in the area without
considering any threshold: the monthly maximum value of the daily maximum temperature (TXx), monthly maximum value of daily minimum temperature
(TNx), monthly minimum value of the daily maximum temperature (TXn), and monthly minimum value of daily minimum temperature (TNn). The last
category comprises four variability extremes: the growing season length (GSL), warm and cold spell durations (WSDI and CSDI), and diurnal temperature
range (DTR). The precipitation indices comprise 1 dry index and 10 wet indices, and can be grouped into 2 percentile, 3 thresholds, 2 durations, 2 extremal
values, and 2 other indices (Powell and Keim, 2015).
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Table 1
List of the temperature and precipitation indices used in this study, which were de�ned by the Expert Team on Climate Change Detection and Indices

(http://etccdi.paci�cclimate.org/list_27_indices.shtml.
Index Description De�nition Unit

FD Frost days Annual count for days when the minimum temperature (TN) < 0ºC Days

SU Summer days Annual count for days when the maximum temperature (TX) > 25ºC Days

ID Ice days Annual count for days when TX < 0ºC Days

TR Tropical nights Annual count for days when TN > 20ºC Days

TXx Maximum TX Monthly maximum value of TX ºC

TNx Maximum TN Monthly maximum value of TN ºC

TXn Min TX Monthly minimum value of TX ºC

TNn Min TN Monthly minimum value of TN ºC

TN10p Cool nights Percentage of days when TN < 10th percentile Days

TX10p Cool days Percentage of days when TX < 10th percentile Days

TN90p Warm nights Percentage of days when TN > 90th percentile Days

TX90p Warm days Percentage of days when TX > 90th percentile Days

WSDI Warm spell duration
indicator

Annual count of the number of periods with at least 6 consecutive days when TX > 90th percentile Days

CSDI Cold spell duration
indicator

Annual count of the number of periods with at least 6 consecutive days when TN < 10th percentile Days

GSL Growing season length Annual count between �rst span after 1 January of at least 6 days with daily mean temperature
(TM) > 5 ºC and �rst span after 1 July of 6 days with TM < 5 ºC

Days

DTR Diurnal temperature
range

Monthly mean difference between TX and TN ºC

RX1day Maximum 1-day
precipitation amount

Monthly maximum 1-day precipitation mm

Rx5day Maximum 5-day
precipitation amount

Monthly maximum consecutive 5-day precipitation mm

SDII Simple daily intensity
index

Annual total precipitation divided by the number of wet days (de�ned as daily precipitation (PRCP) 
≥ 1.0 mm) in the year

mm/day

R10mm Number of heavy
precipitation days

Annual count of days when PRCP ≥ 10 mm Days

R20mm Number of very heavy
precipitation days

Annual count of days when PRCP ≥ 20 mm Days

R50mm Number of days above
50 mm

Annual count of days when PRCP ≥ 50 mm Days

CDD Consecutive dry days Maximum number of consecutive days with daily rainfall < 1 mm Days

CWD Consecutive wet days Maximum number of consecutive days with daily rainfall ≥ 1 mm Days

R95PTOT Very wet days Annual total PRCP for days when daily rainfall > 95th percentile mm

R99pTOT Extremely wet days Annual total PRCP for days when daily rainfall > 99th percentile mm

PRCPTOT Annual total wet-day
precipitation

Annual total PRCP in wet days (daily rainfall ≥ 1 mm) mm

 

2.4 Atmospheric circulation patterns

The monthly Arctic Oscillation (AO), North Atlantic Oscillation (NAO), Southern Oscillation Index (SOI), and Paci�c Decadal Oscillation (PDO) data from 1960
to 2016 were available from the National Oceanic and Atmospheric Administration (http://www.esrl.noaa.gov/psd/data/climateindices/list/). In addition, the
monthly West Paci�c Subtropical High Index (WPSHI), including the Subtropical High Area (SHA) index, Subtropical High Intensity (SHI) index, Subtropical
High Ridge Line (SHR) index, and Subtropical High Western Ridge Point (SHW) index, which obtained from the Climate Diagnostics and Prediction Division,
National Climate Center, China Meteorological Administration (http://cmdp.ncc-cma.net/Monitoring/). SHW and SHR indicate the location and direction of
Western Ridge Point and Ridge Line. When the Western Ridge Point is located further east, the SHW will increase; and when the Subtropical High Ridge Line is
located further north, the SHR will increase.

2.5 Analytical methods
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We used least-squares linear regression to calculate the slopes of the trends for the climate indices, combining with the Mann-Kendall test (Kendall, 1990) to
detect signi�cant trends for climate extreme indices; this non-parametric trend test is suitable for data that may not be normally distributed, and is less
sensitive to the effects of outliers (Tabari et al., 2011). This method has been widely used to analyze time series to detect trends in meteorological and
hydrological data (Viola et al., 2014; Sun et al., 2016; Supari et al., 2017; Zhong et al., 2017). We used the Z statistic (the difference between a value and the
mean, divided by STD) to judge the directions of the trends and their signi�cance; Z > 0 represents an increasing trend, whereas Z < 0 represents a decreasing
trend. When the absolute value of Z is greater than or equal to 1.96, 2.58, and 3.30, the trend is signi�cant at P < 0.05, 0.01, and 0.001, respectively (Hamed and
Rao, 1998). We used inverse distance-weighted interpolation in version 10.3 of the ArcMap software (http://www.esri.com) to de�ne the spatial pattern of
trends in the climate indices. We used Pearson’s correlation coe�cient (r) to detect signi�cant relationships among the extremal variables and between
extreme climate events and geographic characteristics (latitude, longitude, and elevation). Furthermore, to show the relationships between the climate indices
and topographic factors more intuitively, we drew 4-dimensional graph by version 2016b of the MATLAB software
(https://ww2.mathworks.cn/products/matlab.html).

3 Results And Discussion
3.1 The abrupt change in extreme climate events

3.1.1 The abrupt change in extreme temperature events

During the study period, the extreme temperature events have undergone abrupt changes on the Qinghai-Tibet Plateau (Table 2). The abrupt years of extreme
temperature events were mainly concentrated in 1990 to 2000, except for the diurnal temperature range (DTR) in 1969. Again, the trends of temperature
indices strengthened after the abrupt change, except for the weakening in the trend of DTR. GSL showed the largest increase (increased by 2.3 days/decade),
and the corresponding length of the growing season before and after the abrupt change were 172.13 and 181.19 days/year, respectively. For the cold indices,
the largest increase was 3.8 days/ decade for FD, and the corresponding values before and after the abrupt change were 201.69 and 188.72 days/year,
respectively.

Table 2
Changes in the warmth indices and dates of the abrupt change in extreme temperature events from

1960 to 2016 on the Qinghai-Tibet Plateau.
Indices Before abrupt change Abrupt year After abrupt change

K (year− 1)a Mean P K (year− 1)a Mean P

TX10p -0.05 11.43 0.14 1999 -0.05 7.79 0.46

TX90p 0.05 12.18 < 0.05 2001 0.22 16.02 0.08

TN10p -0.16 13.25 < 0.01 1987 -0.12 8.85 < 0.01

TN90p 0.07 10.74 < 0.05 1995 0.22 15.98 < 0.01

FD -0.15 201.69 < 0.05 1995 -0.53 188.72 < 0.01

SU 0.05 24.66 0.09 2003 0.24 30.23 0.35

ID -0.13 41.11 0.11 1998 -0.23 31.40 0.23

TR 0.01 1.25 0.07 2001 0.02 2.35 0.38

TXx 0.01 17.82 0.16 1998 0.03 18.91 0.17

TXn 0.02 5.22 < 0.05 2002 0.05 6.07 < 0.05

TNx 0.03 3.23 < 0.0001 1994 0.05 4.34 < 0.01

TNn 0.04 -8.89 < 0.0001 1993 0.06 -7.45 < 0.0001

GSL 0.19 172.13 < 0.05 2000 0.42 181.19 0.09

WSDI 0.07 9.10 < 0.05 1997 0.25 13.08 0.06

DTR -0.06 14.99 0.08 1969 -0.01 14.32 < 0.01

CSDI -0.16 10.25 < 0.01 1992 -0.16 7.01 < 0.05

a The K value equals the slope of the linear regression.

 

3.1.2 The abrupt change in extreme precipitation events

Table 3 shows that all of the extreme precipitation events have undergone abrupt changes during the study period. Most of the abrupt changes in precipitation
indices occurred after 1990, while the abrupt changes of R10mm, CDD and PRCPTOT occurred earlier in 1985,1971 and 1982, respectively. R99pTOT
increased the most after the abrupt change, by 20.1 mm/ decade, with the corresponding values before and after the abrupt change were 23.46 and 27.98
mm/year, respectively.
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Table 3
Changes in the precipitation indices and dates of the abrupt change in extreme precipitation events during

1960 to 2016 on the Qinghai-Tibet Plateau.
Indices Before abrupt change Year of abrupt change After abrupt change

K (year− 1)a Mean P K (year− 1)a Mean P

RX1day 0.02 8.73 < 0.05 1992 0.02 9.17 < 0.05

RX5day 0.07 36.27 < 0.05 1992 0.09 38.13 < 0.05

SDII 0.00 5.64 0.30 2001 0.02 5.81 0.10

R10mm 0.02 12.25 0.36 1985 0.01 12.90 0.59

R20mm 0.01 2.66 0.15 2000 0.02 2.74 0.17

R50mm 0.00 0.06 0.39 2006 0.00 0.08 0.91

CDD -0.41 63.74 0.43 1971 -0.06 59.11 0.28

CWD 0.00 7.18 0.84 2004 0.02 7.06 0.44

R95pTOT 0.10 82.99 0.26 2006 1.20 90.27 0.29

R99pTOT 0.09 23.46 < 0.05 2011 2.19 27.98 0.07

PRCPTOT 0.66 431.14 0.22 1982 0.68 447.81 0.15

a The K value equals the slope of the linear regression.

 

3.2 Trends for extreme temperature events

3.2.1 Temporal trends of temperature extremes

On the Qinghai-Tibet Plateau, the regionally averaged occurrence of cold indices, including the numbers of cool days (TX10p), cool nights (TN10p), ice days
(ID), and frost days (FD) decreased signi�cantly (P < 0.001), at rates of 0.98, 1.53, 2.71, and 3.89 days per decade, respectively (Fig. 2), the trend was strongest
for TN10p (Z = -7.39). In contrast, the warmth indices for the numbers of warm days (TX90p), warm nights (TN90p), summer days (SU), and tropical nights
(TR) increased signi�cantly (P < 0.001), at rates of 1.06, 1.60, 1.37, and 0.26 days per decade. TN90p showed the strongest increase (Z = 6.64). The cold
temperature indices generally exhibited signi�cant decreasing trends from 1960 to 2016 in the Qinghai-Tibet Plateau, whereas the warm temperature indices
showed signi�cant increasing trends. This is consistent with similar studies in Europe (Klein Tank and Können, 2003), Central and South America (Aguilar et
al., 2005), and Africa (New et al., 2006; Gbode et al., 2019). The cold extremes (FD and ID) showed stronger trends (larger Z values) than those for warm
extremes (SU and TR), implying asymmetric changes in lower- and upper-tail extremes causing arising temperature variance, which was inconsistent with
studies in Europe (Klein Tank and Können, 2003; Moberg et al., 2006) and Middle East countries (Zhang et al., 2005), but this �nding was in agreement with
earlier studies in the Yellow River Basin (Wang et al., 2012), the Loess Plateau (Sun et al., 2016), and northern China (Wang et al., 2018), demonstrating that
warming since 1960 was caused by decreases of the cold extremes rather than increases of the warm extremes. The extremal indices for the warmest day
(TXx), warmest night (TNx), coldest day (TXn), and coldest night (TNn) showed signi�cant warming trends, at rates of 0.29, 0.38, 0.25, and 0.51°C per decade
(P < 0.001), and the trend was strongest for TNn (Z = 8.35). Trends in the night-time indices (TN10p, TN90p, TNx, and TNn) were stronger (larger Z scores) than
those of their corresponding daytime indices (TX10p, TX90p, TXx and TXn), indicating that nocturnal warming contributed more than daytime warming to the
overall warming process (Manton et al., 2001; Peterson et al., 2002; Gri�ths et al., 2005; Klein Tank et al., 2006; Revadekar et al., 2013; Yan et al., 2014). In
addition, for the variability extremes, both the average the diurnal temperature range (DTR) and the cold spell duration (CSDI) showed signi�cant decreasing
trends, at rates of 0.15°C per decade and 1.29 days per decade, respectively. However, the growing season length (GSL) and warm spell duration (WSDI)
increased signi�cantly, at rates of 2.79 and 1.27 days per decade. The rate of change for GSL in the Qinghai-Tibet Plateau was lower than the average value
for the Yarlung Tsangpo River Basin (4.33 days/decade; Liu et al., 2019b) and Loess Plateau (3.16 days/decade; Sun et al., 2016), but larger than those in
northwestern China (2.74 days/decade; Song et al., 2015), the Yangtze River Basin (0.23 days/decade; Wang et al., 2014), and the Yunnan-Guizhou Plateau
(0.12 days/decade; Li et al., 2012a).

3.2.2 Spatial trends in temperature extremes
To provide further insights into spatial variation of the temperature extremes, we mapped the spatial patterns of the annual trends based on the slopes of the
regressions at the 94 meteorological stations throughout and around the Qinghai-Tibet Plateau (Fig. 3). Cold indices (FD, ID, TX10p, TN10p and CSDI) showed
decreasing trends in most areas, whereas warmth indices (SU, TR, TX90p, TN90p, and WSDI) showed increasing trends in most areas. The increasing trend for
growing season length (GSL) was especially obvious. The trends in temperature extremes differed among stations (Fig. 3). From northwest to southeast, the
trends in the cold indices increased initially, then decreased slightly and �nally increased again. The trends in the cold indices in the high-altitude areas of the
west were more obvious. The GSL increased throughout most of the Qinghai-Tibet Plateau, except for a small area in the southeast. In addition, the extreme
indices (TXx, TXn, TNx, and TNn) showed increasing trends in most of the study area, with slopes ranging up to 0.15°C/year.

3.2.3 Correlations among the temperature indices
As shown in the correlation matrix for the relationships among the extreme-temperature indices (Table 4), there were signi�cant correlations between many
pairs of temperature indices. For the absolute indices (FD, ID, SU, TR) and relative indices (TX10p, TX90p, TN10p, TN90p), we found signi�cant positive
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correlations between the warmth indices and between the cold indices. In contrast, each warmth index was negatively correlated with each cold index. This is
consistent with the abovementioned results, in which the cold indices showed signi�cantly decreasing trends, whereas the warmth indices showed
signi�cantly increasing trends. In addition, we found signi�cant negative correlations between the cold absolute indices (FD and ID) and the extremal indices
(TXx, TXn, TNx and TNn), but signi�cant positive correlations between the warmth absolute indices (SU and TR) and the extremal indices. GSL and WSDI were
signi�cantly negatively correlated with FD and ID, but signi�cantly positively correlated with SU and TR, which was consistent with previous studies (Lin et al.,
2017; Wang et al., 2018).

Table 4
The correlation matrix (Pearson’s r) for the relationships among the extreme-temperature indices in the Qinghai-Tibet Plateau from 1960 to 2016. Note: ** repre

signi�cance at P < 0.01. All other values are not signi�cant. Index names are de�ned in Table 1.
Indices TX10p TX90p TN10p TN90p FD SU ID TR TXx TXn TNx TNn GSL WSDI DTR

TX10p 1                            

TX90p -0.53** 1                          

TN10p 0.81** -0.58** 1                        

TN90p -0.60** 0.79** -0.73** 1                      

FD 0.69** -0.70** 0.78** -0.87** 1                    

SU -0.51** 0.94** -0.51** 0.72** -0.64** 1                  

ID 0.97** -0.55** 0.82** -0.64** 0.74** -0.53** 1                

TR -0.62** 0.69** -0.63** 0.75** -0.75** 0.70** -0.62** 1              

TXx -0.82** 0.76** -0.77** 0.76** -0.84** 0.73** -0.85** 0.68** 1            

TXn -0.78** 0.71** -0.70** 0.71** -0.81** 0.71** -0.82** 0.69** 0.84** 1          

TNx -0.58** 0.65** -0.77** 0.80** -0.77** 0.57** -0.63** 0.66** 0.71** 0.67** 1        

TNn -0.54** 0.41** -0.52** 0.41** -0.55** 0.41** -0.53** 0.37** 0.57** 0.49** 0.04 1      

GSL -0.52** 0.68** -0.59** 0.72** -0.84** 0.64** -0.59** 0.56** 0.80** 0.73** 0.58** 0.57** 1    

WSDI -0.45** 0.85** -0.52** 0.70** -0.57** 0.84** -0.47** 0.62** 0.66** 0.59** 0.60** 0.31* 0.61** 1  

DTR 0.07 0.02 0.04 0.07 0.05 -0.01 0.03 0.06 -0.07 0.04 0.49** -0.82** -0.17 0.07 1

CSDI 0.71** -0.49** 0.87** -0.56** 0.62** -0.43** 0.69** -0.50** -0.67** -0.54** -0.55** -0.53** -0.49** -0.52** 0.17

 

3.3 Trends for extreme precipitation events

3.3.1 Temporal trends of precipitation extremes

The regionally averaged monthly maximum 1-day precipitation (RX1day) and maximum consecutive 5-day precipitation (RX5day) increased signi�cantly, at
rates of 0.17 and 0.70 mm per decade, respectively (P < 0.001; Fig. 4). Similarly, the number of heavy precipitation days (R10mm), very heavy precipitation
days (R20mm), and rainstorm days (R50mm) increased, at rates of 0.21, 0.05, and 0.01 days per decade, respectively, but the trend was only signi�cant for
R10mm (P < 0.01). In contrast, the number of consecutive dry days (CDD) and consecutive wet days (CWD) decreased at rates of 1.11 and 0.03 days per
decade, respectively, but the trend was only signi�cant for CDD. In addition, the annual total precipitation for wet days (PRCPTOT), very wet days (R95pTOT),
and extremely wet days (R99pTOT) increased by 6.1, 2.0, and 1.2 mm per decade, and the signi�cant increase in precipitation intensity (SDII) also con�rmed
this trend.

Overall, the strengths of the trends for the precipitation indices were lower than those for the temperature indices. RX5day had the strongest trend during the
study period (Z = 5.16), but PRCPTOT had the steepest slope (6.11 mm/decade). The rate of change for RX5day (0.70 mm/decade) was higher than that in the
Yunnan-Guizhou plateau (0.03 mm/decade; Li et al., 2012a), northeastern China (0.13 mm/decade; Song et al., 2015), and at a global scale (0.55 mm/decade;
Alexander et al., 2006), but lower than those in northwestern China (0.85 mm/decade) and for China as a whole (1.90 mm/decade; You et al., 2011). In
addition, the rate of increase of annual total precipitation (PRCPTOT) in this study (6.11 mm/decade) was lower than that on a global scale (10.59
mm/decade; Alexander et al., 2006), but higher than those in Romania (4.14 mm/decade; Croitoru et al., 2016), northeastern China (1.65 mm/decade; Song et
al., 2015), China’s Loess Plateau (1.50 mm/decade; Sun et al., 2016), and China’s Yangtze River (1.90 mm/decade; Wang et al., 2014), but lower than in Nigeria
(8.03 mm/decade; Gbode et al., 2019) and Georgia (7.9 mm/decade; Keggenhoff et al., 2014), and PRCPTOT showed a negative trend in Indonesia (-4.30
mm/decade; Supari et al., 2017).
3.3.2 Spatial trends in precipitation extremes
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Figure 5 shows that the extreme precipitation indices showed increasing trends in most regions of the Qinghai-Tibet Plateau from 1960 to 2016. In contrast,
CDD decreased in most areas, especially in the high-elevation area of the central west, where the trend was most obvious. PRCPTOT increased in most areas,
with only small areas in the southwestern and eastern edges of the plateau showing a decreasing trend. Both R95pTOT and R99pTOT showed overall
increases, with the strongest trends in the northeast region and a narrow band with decreasing values running from southwest to east. The trends for
remaining extreme precipitation indices showed less spatial heterogeneity.

3.3.3 Correlation coe�cients for the precipitation indices
As shown in Table 5, we found strong positive correlations between the annual total precipitation (PRCPTOT, daily precipitation > 1 mm) and all of the extreme
precipitation indices except R50mm (not signi�cant) and the consecutive dry days (CDD, r = -0.27, P < 0.05). The correlation coe�cients were greater than 0.50
for the relationships between the PRCPTOT and several of the extreme precipitation indices: the monthly maximum 1-day precipitation (RX1day), maximum
consecutive 5-day precipitation (RX5day), simple daily intensity index (SDII), heavy precipitation (R10mm), very heavy precipitation (R20mm), and annual
precipitation on very wet days (R95pTOT). There were signi�cant positive correlations among most of the extreme precipitation indices, but negative
correlations between consecutive dry days (CDD) and the precipitation indices. This con�rmed our previous research results for China as a whole (Wang et al.,
2020).

Table 5
The correlation matrix (Pearson’s r) for the relationships among the extreme- precipitation indices in the Qinghai-Tibet Plateau from 1960 to

2016. Index names are de�ned in Table 1.
Indices RX1day RX5day SDII R10mm R20mm R50mm CDD CWD R95pTOT R99pTOT PRCPTOT

RX1day 1                    

RX5day 0.99** 1                  

SDII 0.56** 0.56** 1                

R10mm 0.52** 0.53** 0.62** 1              

R20mm 0.62** 0.62** 0.64** 0.69** 1            

R50mm 0.51** 0.53** 0.48** 0.11 0.37** 1          

CDD -0.42** -0.41** -0.04 -0.14 -0.08 -0.04 1        

CWD -0.09 -0.09 0.07 0.29* 0.18 -0.10 0.08 1      

R95pTOT 0.71** 0.72** 0.78** 0.71** 0.90** 0.50** -0.13 0.10 1    

R99pTOT 0.74** 0.75** 0.65** 0.43** 0.68** 0.59** -0.04 -0.04 0.83** 1  

PRCPTOT 0.633** 0.626** 0.544** 0.934** 0.71** 0.16 -0.27* 0.35** 0.72** 0.47** 1

Note: ** and * represent signi�cance at P < 0.01 and P < 0.05, respectively. All other values are not signi�cant.

 

3.4 Relationships between temperature extremes and latitude, longitude and altitude

We observed large spatial variation in the temperature extremes. To clarify the reasons for the different trends in different regions, we analyzed the
correlations between extreme temperature events and the latitude, longitude, and elevation of each meteorological station (Table 6).
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Table 6
Correlations (Pearson’s r) between the temperature extremes from 1960 to 2016 and the latitude, longitude, and

elevation of the measurement sites in the Qinghai-Tibet Plateau. Index names are de�ned in Table 1.
Indices Latitude Longitude Elevation

FD 0.27** -0.02 0.29**

SU 0.26* -0.32** -0.41**

ID 0.51** -0.10 0.04

TR 0.33** -0.51** -0.24*

TXx 0.01 0.01 -0.42**

TXn -0.27** -0.15 -0.24*

TNx -0.09 -0.09 -0.36**

TNn -0.34** -0.06 -0.24*

TX10p 0.21* 0.35** -0.28**

TX90p -0.21* 0.74** -0.08

TN10p 0.09 0.04 -0.14

TN90p -0.23* 0.07 0.15

WSDI 0.03 -0.43** 0.22*

DTR 0.30** -0.07 -0.03

CSDI 0.52** -0.21* -0.38**

GSL -0.05 -0.08 -0.23*

Note: ** and * represent signi�cance at P < 0.01 and P < 0.05, respectively. All other values are not signi�cant.

 

Latitude affects the solar incidence angle, and thereby in�uences the distribution of energy over the Earth’s surface. In general, higher latitude areas have a
lower solar incidence angle, so they receive less heat, leading to colder temperatures. In contrast, the temperatures are higher at lower latitudes because more
solar radiation is intercepted. Warming trends tend to be more evident at high latitudes in the northern hemisphere (Serreze et al., 2000). In the present study,
the absolute indices (FD, ID, SU, TR) showed signi�cant positive correlations with latitude, whereas the extremal indices for the warmest day (TXn, TNn)
showed negative correlations with latitude, indicating that the magnitude of daily extreme temperature events would decrease with increasing latitude. The
relative warmth indices (TX10p and TN10p) showed positive correlations with latitude, although the correlation was only signi�cant for TX10p, whereas the
relative cold indices (TX90p and TN90p) both showed signi�cant negative correlations. This indicates that the warming trend became more signi�cant with
increasing latitude, which was consistent with previous research in the Yangtze River Basin (Guan et al., 2015) and the Hengduan Mountains of China (Li et al.,
2012a,b). Furthermore, two of the variability extremes (CSDI and DTR) showed signi�cant positive correlations with latitude, whereas GSL was not
signi�cantly correlated with latitude.

Longitude affects regional climate change by in�uencing the transport of water and energy between coastal regions ((including southwestern areas such as
the Indian Ocean and northern areas such as the Arctic Ocean) and China’s inland areas (Zhong et al., 2017). In the present study, two of the absolute indices
(SU and TR) and two of the variability extremes (WSDI and CSDI) showed signi�cant negative correlations with longitude, whereas two of the relative warmth
indices (TX10p and TX90p) were signi�cantly positively correlated with longitude, indicating that the occurrence of daytime extreme temperature events would
increase with increasing longitude.

Elevation determines the vertical distribution of energy and water, and thereby in�uences regional climate change. In the present study, only one of the cold
indices (FD) showed a signi�cant (P < 0.01) positive correlation with elevation, whereas both warmth indices (SU and TR) showed signi�cant negative
correlations with elevation (P < 0.05). This indicated that the frequency and intensity of cold temperature events increased at high elevations, whereas warm
temperature events showed the opposite trend. The extremal indices for the warmest day (TXx), warmest night (TNx), coldest day (TXn), and coldest night
(TNn) all showed signi�cant negative correlations with elevation (P < 0.05), indicating that the occurrences of daily extreme temperature events would
decrease with increasing elevation. In addition, the wet spell duration (WSDI) increased signi�cantly with increasing elevation, whereas the cold spell duration
(CSDI) and growing season length (GSL) both decreased with increasing elevation.
3.5 Relationships between precipitation extremes and latitude, longitude and altitude

Similarly, we analyzed the correlations between extreme precipitation events and latitude, longitude, and elevation (Table 7). All of the precipitation indices
showed signi�cant negative correlations with latitude, except for a signi�cant positive correlation for the number of consecutive dry days (CDD). This
indicates that the extreme precipitation events were more frequent at low latitudes, probably due mainly to the greater precipitation due to the proximity of low-
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latitude areas to moist coastal areas in eastern China and orographic effects created by the southern mountains. Longitude had the opposite effect on
extreme precipitation events, with all of the precipitation indices showing signi�cant positive correlations with longitude, except for CDD (with a signi�cant
negative correlation) and R50mm showing a nonsigni�cant correlation. This may be because the areas with a higher longitude are closer to the coast, where
the moisture supply is much greater than in dry regions farther to the west. This also con�rmed our previous research results across China (Wang et al., 2020).
We found no signi�cant correlations between the precipitation indexes and elevation, possibly because of the negative interaction between elevation and
proximity to moisture sources.

Table 7
Correlations (Pearson’s r) between precipitation extremes from 1960 to 2016 and

the latitude, longitude, and elevation of the measurement sites in the Qinghai-
Tibet Plateau. Index names are de�ned in Table 1.

Indices Latitude Longitude Elevation

RX1day -0.58** 0.54** 0.03

R99pTOT -0.58** 0.49** 0.04

R95pTOT -0.58** 0.53** 0.004

CWD -0.73** 0.40** 0.14

CDD 0.44** -0.63** -0.10

PRCPTOT -0.59** 0.55** 0.01

RX5day -0.58** 0.53** 0.03

SDII -0.62** 0.39** 0.02

R20mm -0.53** 0.36** -0.09

R50mm -0.27** 0.06 -0.05

R10mm -0.59** 0.52** -0.04

Note: ** represents signi�cance at P < 0.01. All other values are not signi�cant.

3.6 Relationships between temperature extremes and atmospheric circulation patterns

Table 8 shows the correlations between temperature extremes and atmospheric circulation patterns. The Subtropical High Intensity (SHI) and Subtropical High
Area (SHA) showed signi�cant positive correlations with warmth indices (TX90p, TN90p, SU, TR, WSDI), extremal indices (TXx, TXn, TNx, TNn) and the
growing season length, whereas SHI and SHA showed signi�cant negative correlations with cold indices (TX10p, TN10p, FD, ID, CSDI). The correlations
between the Subtropical High Western Ridge Point (SHW) and temperature extremes showed the opposite responses. When the SHW moves northward, the
cold events were likely to increase signi�cantly, whereas the warming events were likely to decrease signi�cantly on the Qinghai-Tibet Plateau. As an important
component of East Asian monsoon, the West Paci�c Subtropical High (WPSH) has a signi�cant impact on temperature and precipitation in China (Zhao and
Wang, 2017). Zhong et al. (2017) found that the Northern Hemisphere Subtropical High area and intensity indices showed positive correlations with the warm
indices and extreme indices, while showed the reverse relationship with the cold indices. Sun et al. (2016) also found that the SHI strongly in�uences
warm/cold extremes and contributes signi�cantly to climate changes in the Loess Plateau.
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Table 8
Correlations (Pearson's r) between temperature extremes and atmospheric circulation

patterns
Indices SHA SHI SHR SHW AO NAO PDO SOI

TX10p -0.546** -0.518** 0.080 0.581** 0.112 0.148 -0.107 -0.027

TX90p 0.554** 0.542** 0.062 -0.544** 0.115 -0.063 -0.072 0.043

TN10p -0.626** -0.587** 0.038 0.693** -0.167 -0.052 -0.211 0.035

TN90p 0.672** 0.653** 0.008 -0.683** 0.021 -0.178 0.024 0.098

FD -0.664** -0.656** -0.008 0.651** -0.033 0.134 -0.020 -0.217

SU 0.504** 0.500** 0.134 -0.478** 0.081 -0.066 -0.106 0.079

ID -0.619** -0.598** 0.078 0.643** 0.076 0.120 -0.177 0.019

TR 0.550** 0.558** -0.008 -0.516** 0.000 -0.220 -0.094 0.175

TXx 0.591** 0.577** 0.116 -0.601** 0.003 -0.065 0.041 0.090

TXn 0.607** 0.605** 0.036 -0.570** -0.020 -0.187 -0.002 0.138

TNx 0.590** 0.577** 0.067 -0.589** 0.234 -0.003 0.120 0.096

TNn 0.416** 0.390** -0.133 -0.463** -0.125 -0.045 0.107 -0.059

GSL 0.575** 0.568** 0.099 -0.570** 0.101 0.008 -0.025 0.156

WSDI 0.592** 0.604** 0.053 -0.560** 0.032 -0.067 0.111 -0.014

DTR -0.021 0.001 0.136 0.084 0.180 -0.020 -0.035 0.116

CSDI -0.516** -0.482** 0.004 0.608** -0.093 -0.077 -0.221 0.087

 

3.7 Relationships between precipitation extremes and atmospheric circulation patterns

As shown in Table 9, SHI and SHA had positive correlations with all the extreme precipitation indices, except for the reverse relationship with CDD, indicating
that the frequency and intensity of extreme precipitation events increased with increasing intensity and area of the West Paci�c Subtropical High. On the
contrary, SHW had negative correlations with all the extreme precipitation indices, except for positive correlations with CWD and CDD. This indicates that when
the SHW moves westward, extreme precipitation events are likely to increase signi�cantly, whereas the extreme precipitation events would decrease if SHW
moves eastward.

Table 9
Correlations (Pearson's r) between precipitation extremes and atmospheric circulation patterns

Indices SHA SHI SHR SHW AO NAO PDO SOI

RX1day 0.534** 0.517** 0.131 -0.565** 0.153 -0.013 0.065 0.218

RX5day 0.532** 0.513** 0.107 -0.561** 0.163 0.001 0.081 0.220

SDII 0.524** 0.531** 0.088 -0.455** -0.093 -0.116 0.090 0.248

R10mm 0.431** 0.445** 0.172 -0.395** -0.045 -0.124 0.054 0.256

R20mm 0.339* 0.358** 0.132 -0.300* -0.104 -0.102 0.086 0.183

R50mm 0.327* 0.315* -0.006 -0.321* -0.018 -0.121 0.144 0.029

CDD -0.280* -0.216 0.150 0.362** -0.281* -0.064 -0.199 0.066

CWD 0.010 0.026 -0.005 0.001 -0.212 -0.092 0.042 0.117

R95pTOT 0.416** 0.440** 0.190 -0.349** -0.023 -0.088 0.034 0.283*

R99pTOT 0.422** 0.454** 0.133 -0.345** -0.083 -0.153 0.022 0.255

PRCPTOT 0.408** 0.419** 0.148 -0.397** -0.039 -0.195 0.021 0.317*

 



Page 12/19

4 Conclusions
We used 16 extreme temperature and 11 extreme precipitation indices to quantify the changes in climate extremes and their relationship with several
atmospheric circulation patterns on China’s Qinghai-Tibetan Plateau. The warmth indices, including warm days and nights, summer days, and tropical nights,
showed signi�cantly increasing trends. Over the same period, the cold indices, including cool days and nights, ice days, and frost days decreased signi�cantly.
Furthermore, the extremal daily indices, including the warmest day, warmest night, coldest day, and coldest night showed signi�cant increasing trends during
the same period. The relative warmth indices showed positive correlations with latitude, whereas the relative cold indices showed negative correlations,
indicating that the warming trend became more signi�cant with increasing latitude. In addition, the frequency and intensity of cold temperature events
increased at high elevations, whereas warm temperature events showed the opposite trend. The total annual precipitation and extreme precipitation events
showed increasing trends from 1960 to 2016, except for the numbers of consecutive dry and wet days. The extreme precipitation events were more frequent at
lower latitudes and higher longitudes, but there was no relationship with elevation. These results con�rmed our hypotheses that monitoring of temperatures
and precipitation on the Qinghai-Tibet Plateau would show trends consistent with global warming, and would reveal signi�cant spatial variation in these
trends. The West Paci�c Subtropical High Index (WPSHI), such as the Subtropical High Area (SHA), Subtropical High Intensity (SHI), and Subtropical High
Western Ridge Point (SHW) strongly in�uence temperature and precipitation extremes. The strengthening SHA and SHI, Westward movement of SHW have
contributed to the changes in climate extremes on the Qinghai-Tibet Plateau.

Despite the large number of monitoring stations, coverage of the study area was not optimal, particularly for the large gap in coverage in the northwestern
plateau. Adding stations in this region or �nding ways to use satellite data to monitor these remote areas would mitigate this problem. Our results suggest that
the increasing number and severity of extreme climatic events will pose a growing risk to crops, and thus to China’s food security, but may also lead to adverse
vegetation changes and increased soil erosion on the plateau.
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Figure 1

Study area and the distribution of meteorological stations. A total of 89 meteorological stations were located within the Qinghai-Tibet Plateau, and 5 stations
were in areas surrounding the plateau. Note: The designations employed and the presentation of the material on this map do not imply the expression of any
opinion whatsoever on the part of Research Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2

Regionally averaged time series for indices of the extreme temperature events on the Qinghai-Tibet Plateau from 1960 to 2016. The indices are de�ned in
Table 1. Straight lines represent statistically signi�cant linear regressions; the dashed red line is the smoothed 10-year running average, the dashed green and
blue line are linear regressions before and after abrupt years, respectively. Z scores represent the Mann-Kendall test results. Signi�cance: ***, P < 0.001.
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Figure 3

Spatial pattern of the trends for temperature indices from the 94 meteorological stations in the Qinghai-Tibet Plateau from 1960 to 2016. The indices are
de�ned in Table 1. Note: The designations employed and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.

Figure 4

Regionally averaged series for the extreme precipitation indices in the Qinghai-Tibet Plateau from 1960 to 2016. The indices are de�ned in Table 1. Straight
lines represent linear regressions; the dashed red line is the smoothed 10-year running average, the dashed green and blue line are linear regressions before
and after abrupt years, respectively. Z scores represent the Mann-Kendall test results for the strength of the trend. Signi�cance: ***, P < 0.001; **, P < 0.01; *, P <
0.05. All other results are not signi�cant.
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Figure 5

Spatial pattern of the trends for precipitation indices from the 94 meteorological stations in the Qinghai-Tibet Plateau from 1960 to 2016. The indices are
de�ned in Table 1. Note: The designations employed and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.


