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Abstract

Spatiotemporal changes of temperature and precipitation extremes from 1956 to 2015 were analyzed at 200 representative
weather stations evenly distributed in the temperate continental zone (TCZ), temperate monsoon zone (TMZ), mountain plateau
zone (MPZ), and (sub) tropical monsoon zone (SMZ) of China, using 16 extreme temperature and 11 extreme precipitation
indexes. The results showed that warm days (TX90p) and warm nights (TN90p) increased significantly, while cool days (TX10p)
and cool nights (TN10p) decreased significantly in the whole China. Overall increasing trends were found for maximum and
minimum daily maximum temperature (TXx and TXn) and maximum and minimum daily minimum temperature (TNx and
TNn). Warm indexes, including summer days (SU25), tropical nights (TR20), warm spell duration indicator (WSDI), and
growing season length (GSL), showed increasing trends, whereas cold indexes such as frost days (FDO0), ice days (ID0), cold
spell duration indicator (CSDI), and diurnal temperature range (DTR) showed decreasing trends. These extreme temperature
indexes exhibited high correlations with mean air temperature. MPZ exhibited the most remarkable change magnitudes among
the four zones, while the smallest changes occurred in SMZ. An accelerating warming trend was particularly observed since
1986. Nationally, only daily rainfall intensity (SDII) showed significantly increasing trends, while the increasing trends of other
precipitation indexes were not significant. Apart from consecutive wet days (CWD), changes of precipitation extremes presented
increasing trends. PRCPTOT and R10mm exhibited the highest correlation coefficient across contrasting climatic zones.
Regionally averaged precipitation totals were decreasing in TMZ during 1956-1985, but increasing trends were identified after
1985. The upward tendency of precipitation totals in MPZ and the west part of TCZ may alleviate the pressure of water shortage
in arid and semi-arid regions of China, but the upward trend in SMZ, especially in the coastal areas of southeastern China, may
aggravate the risk of flood-induced disasters in these regions.
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1 Introduction

Electronic supplementary material The online version of this article

(httpsi//doi,o'rg/ 1.0.1007/s00704—019—92942—5) contains supplementary The global mean surface temperature has enhanced approxi-
material, which is available to authorized users. mately 0.85 °C during 1880-2012 (IPCC 2013), which is
expected to rise by more than 1.5 °C in the late twenty-first
century (2081-2100) compared with that between 1850 and
1900 (Pachauri et al. 2014). This condition is usually called
“global warming,” and it is largely possible that the increase in
warm extremes and decrease in cold extremes would take
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terrestrial ecosystems (Cheong et al. 2018). Climate change
will also affect plant development, insects, and final yields. In
some regions, climate warming can benefit locally planted
crops types, or shift farmers to crops that are currently grown
in warmer areas. Rather, if the temperature is higher than the
crop’s optimum temperature, crop yields will decrease.
Potential hazards to crop production are mainly attributed to
water shortage and heat stress (Harrison et al. 2011). Warm—
wet conditions can create favorable conditions for the growth
of insect pests, improve its propagation speed, and indirectly
affect the agricultural production (Castex et al. 2018).
Therefore, it has been urgent to investigate the spatiotemporal
trends and magnitudes of climatic extremes, so as to provide a
basis for climate change studies, disaster risk assessment, and
decision-making strategies.

China has a vast territory and is often influenced by a va-
riety of climatic extremes. Over the past few decades, there
have been many studies examining extreme climatic events in
different regions of China to improve the in-depth understand-
ing of the variations of extreme events, and build a bond for
researchers to work on global climate change. The studied
regions include the Tianshan Mountains (Xu et al. 2018), the
Loess Plateau (Sun et al. 2016), the Tibetan Plateau (Liu et al.
2009), the Wei River Basin (Liu et al. 2018), the Yangtze
River Basin (Guan 2015, Guan et al. 2015), the coast area of
China (Wang et al. 2017), the monsoon region of China (Gao
et al. 2017), northwestern China (Wang et al. 2013b), north-
eastern China (Yu and Li 2015), northern China (Mei et al.
2018), and southern China (Ding et al. 2018), etc. The results
indicated that temperature extremes showed consistently up-
ward trends, with large regional variations in various areas of
China. However, changes of precipitation extremes across
China are distinct due to the differences in regional character-
istics, climatic background, and driving forces (Xu et al.
2011).

In terms of time series, the rising of global mean surface
temperature has accelerated after the mid-1980s (Yu and Li
2015). Studies by Shi et al. (2007) indicated that the climate in
northwestern China began to vary from dryer to wetter in
1986. Jiang et al. (2012a) revealed that the majority of precip-
itation indexes in Xinjiang of China showed shifts starting
from the mid-1980s. The climatic change among various cli-
mate zones of China before and after the 1980s may exhibit
diverse trends and magnitudes. Comprehensively understand-
ing the long-term trend and magnitude of climatic changes, as
well as the abrupt change years across the whole China, is
very essential. However, until now, it has been unclear how
the climatic extremes changed in different climatic regions of
China since the 1980s. On the other hand, in terms of climatic
indexes, few indexes were usually adopted and these indexes
applied by most studies were not consistent. All types of ex-
treme indexes suggested by the Expert Team on Climate
Change Detection and Indices (ETCCDI) can be used to
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comprehensively evaluate the changes of climate extremes
across a wide variety of climates. Consequently, the aims of
the present study are as follows: (1) to analyze the temporal
variations and spatial distributions of extreme temperature and
precipitation indexes over the past six decades (1956-2015)
across China using 27 extreme indexes proposed by ETCCDI,
(2) to assess the differences in extreme indexes before and
after the 1980s in different climatic zones of China responding
to ongoing global warming. The study is crucial for under-
standing the regional and national climate changes and pro-
viding a guideline for associated scientists and policymakers
to develop food production and eco-environment manage-
ment strategies in contrasting climatic zones of China.

2 Materials and methods
2.1 Study area

The study area, i.e. the Mainland China excluding the Taiwan
Province, Hong Kong, and Macao Special Administrative
Regions due to the lack of meteorological data, is consisted
of 22 provinces, five autonomous regions, and four municipal
cities. The study area can be partitioned into five climate re-
gions, the temperate continental zone (TCZ), the temperate
monsoon zone (TMZ), the mountain plateau zone (MPZ),
the subtropical and tropical monsoon zone (SMZ and
TPMZ, respectively) (Fan et al. 2018; Fan et al. 2019).
Considering that the tropical monsoon zone is much smaller
than the other four climate zones, it was merged into the sub-
tropical zone as the (sub) tropical monsoon zone in the present
study (Fig. 1). The average annual precipitation in the four
climatic zones is 269 mm, 585 mm, 382 mm, and 1320 mm,
and the annual evaporation is 2148 mm, 1475 mm, 1883 mm,
and 1545 mm. TCZ, TMZ, MPZ, and SMZ are classified as
arid, semi-arid, semi-humid, and humid regions,
respectively.

2.2 Data collection and extreme indexes selection

Daily minimum (7},;,) and maximum (7;,,,x) temperature and
precipitation data during 1956-2015 at 200 meteorological
stations across China were given by the National
Meteorological Information Center of the China
Meteorological Administration (http://data.cma.cn/), who has
primarily controlled the meteorological data quality. The data
quality was further controlled using the RClimDex (version 1.
8) software package, which was proposed by Zhang and Yang
(2004). This software is able to identify all the missed or
absurd data. Daily precipitation values smaller than zero or
minimum temperature exceeding the maximum temperature
was flagged as erroneous. The distributions of these
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Fig. 1 Distribution of the five climatic zones across China and the
geographical locations of the 200 weather stations selected in this study.
TCZ: temperate continental zone; TMZ: temperate monsoon zone; MPZ:

meteorological stations are as follows: 58 stations in TCZ, 49
stations in TMZ, 23 stations in MPZ, and 70 stations in SMZ.
All the 16 extreme temperature and 11 extreme precipita-
tion indexes suggested by ETCCDMI were considered here,
which were calculated based on daily Tpax, Timin, and precip-
itation using the RClimDex software. The temperature index-
es consisted of nine warm extremes and seven cold extremes,
which were further grouped according to their calculation
methods as four percentile-based indexes, four absolute index-
es, four thresholds indexes, three duration indexes, and one
other index. The precipitation indexes included 10 wet index-
es and one dry index, which were further classified as two
percentile, two absolute, three threshold, two duration, and
two other indexes. The detailed definitions of these indexes
please refer to previous studies (Alexander et al. 2006).

2.3 Trend analysis and abrupt change detection

The Sen’s slope estimator (Sen 1968) was applied for calcu-
lating the long-term monotonic trends of climate extremes,
which has been widely used to identify the trend of climatic
and hydrological time-series variables (Gocic and Trajkovic
2013; Fan et al. 2016). The trends were computed during the
whole period of 1956-2015 and also during two 30-year pe-
riods of 1956—-1985 and 1986-2015. The non-parametric
Mann—Kendall (MK) method was utilized to test the signifi-
cance level of the change trend, which was proposed and
improved by Mann (1945) and Kendall (1975). Positive
Mann—Kendall Z values greater than 1.96 and 2.58 represent

mountain plateau zone; SMZ: subtropical monsoon zone; TPMZ: tropical
monsoon zone

significantly upward trend at a level of 0.05 and 0.01 respec-
tively, while negative Z values lower than — 1.96 and — 2.58
represent a significantly downward trend. The non-parametric
Pettitt test (Pettitt 1979) was broadly applied to examine the
abrupt change point in climatic and hydrological observations,
which was employed to here to detect the abrupt change years
of the time-series temperature and precipitation extremes dur-
ing 1956-2015. Correlation coefficients among the extreme
indexes were detected and estimated by Pearson’s correlation
and the two-tailed ¢ test (Rodgers and Nicewander 1988) using
the SPSS 16.0 statistical software (SPSS Inc., Chicago, USA).
The temporal variations and spatial distributions of climatic
extremes were illustrated by R package and ArcGIS,
respectively.

3 Results

3.1 Spatiotemporal changes of extreme temperature
indexes

3.1.1 Percentile-based and absolute extreme temperature
indexes (TN10p, TN90p, TX10p, TX90p, TXx, TNx, TXn, TNn)

Spatially averaged cool nights (TN10p) and cool days
(TX10p) displayed an obvious decrease between 1956 and
2015 in contrasting climate zones of China, but warm nights
(TN90p), warm days (TX90p), and all absolute indexes, i.e.,
maximum 7Ty, (TXx), maximum 7p;, (TNX), minimum 7},
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Fig. 2 Annual variations of G p— ™Z - M

spatially averaged values of
percentile-based and absolute
temperature indexes during
19562015 across different
climatic zones of China
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(TXn), and minimum 7,,;, (TNn), showed increasing trends
(Fig. 2). The trend analysis indicated that TN10p and TX10p
significantly reduced (P < 0.01) at the rates of — 1.44 days/
decade and — 0.70 days/decade in the whole China, where 184
stations and 134 stations (92% and 67% of total stations)
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exhibited significant decreasing trends, respectively
(Table 1). In the four climate zones, TN10p and TX10p also
decreased at various magnitudes. The decreasing rates of
TN10p (— 1.59 days/decade) and TX10p (— 0.89 days/decade)
were largest in MPZ, but these were smallest in SMZ (— 1.27
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Table 1

0.05 level) trends in percentile-based and absolute temperature indexes across different climatic zones of China

Trends (unit/decade), Mann-Kendall Z, and the number of stations with positive (significant at the 0.05 level) and negative (significant at the

Climatic  Index 19562015 19561985 19862015 Change point
zone (year)
Trend V4 Positive ~ Non- Negative Trend Z Trend Z
trend
TCZ TN10p (days) —1.35(—2.18~1.48) =T 3(2) 0 55(54) —1.48 —-25% —0.72 -—33% 1988
TNO9Op (days) 2.04 (— 1.23~5.48) 6.6%* 55(53) 0 303 0.63 1.4 294 3.1%* 1987
TX10p (days) —0.79 (—1.49~-0.05) —44%* 0 0 58 (48) -038 —-0.6 -0.65 —19 1988
TX90p (days) 0.99 (- 0.38~2.59) 3.9%* 52 (48) 1 5(0) -0.12 -03 1.91 2.2% 1997
TXx (°C) 0.16 (= 0.36~0.71) 2.4% 45 (18) 1 12(3) 0.05 0.3 0.38 1.8 1997
TNx (°C) 0.22 (- 0.41~1.17) 4.1%%* 52 (36) 0 6(1) -0.02 -0.1 038  2.2% 1994
TXn (°C) 0.40 (- 0.06~1.40) 2.9%%* 55 (25) 1 2 (0) 0.53 1.5 -056 —14 1982
TNn (°C) 0.55 (= 0.24~1.89) 4.4%%* 56 (37) 0 2(0) 0.67  2.5% -047 —-15 1982
T™Z TN10p (days) —1.47(—2.47~-026) —6.7%% 0 0 49 (46) -136 -19 —0.75 —29% 1988
TNO9Op (days) 2.06 (— 0.10~4.37) 6.4%% 48 (46) 0 1(0) 034 0.6 2.78 3.2%% 1988
TX10p (days) —0.72 (- 1.27~-0.12) —3.9% 0 0 49 (40) -02 -02 -043 -12 1988
TX90p (days) 0.68 (—0.21~1.89) 3.3%F  42(26) 3 4(0) -0.04 —-0.1 1.15 1.5 1994
TXx (°C) 0.12 (= 0.15~0.52) 1.7 33 (13) 3 13 (0) -0.04 -03 034 2% 1997
TNx (°C) 0.18 (= 0.12~0.59) 3.5%% 45(27) 0 4 (0) -01 -038 0.31 2% 1994
TXn (°C) 0.35 (0~0.67) 2.6%% 48 (20) 0 1(0) 0.42 1.5 -016 —-0.7 1988
TNn (°C) 0.63 (0~1.23) 4.7+ 49 (35) 0 0 0.78  2.5% -001 —-03 1988
MPZ TN10p (days) —1.59 (—2.19~0.08) —72% 1(0) 0 22 (22) —1.61 —-3.0% —123 -—-3.6%% 1987
TNO9Op (days) 2.29 (0.44~5.14) 7.2%% 23 (22) 0 0 089  2.5% 407  4.4% 1987
TX10p (days) —0.89 (—1.45~-0.50) —4.6%* 0 0 23 (23) 018 02 - 151 —3.3% 1998
TX90p (days) 1.38 (0.73~3.60) 5.5%% 23 (23) 0 0 028 0.6 252 2.9%* 1987
TXx (°C) 0.23 (0~0.39) 3.9%  22(13) 1 0 004 04 0.28 1.6 1994
TNx (°C) 0.27 (0.02~0.51) 5.7%% 23 (18) 0 0 -0.05 —-05 043  4.2%%* 1995
TXn (°C) 0.36 (— 0.05~0.48) 3.6%% 21 (10) 0 2 (0) 004 0.1 085  2.9%%* 1998
TNn (°C) 0.58 (- 0.03~0.94) 5.7 22(17) 0 1(0) 0.65 2.6%%* 0.88  3.1%* 1990
SMZ TN10p (days) —1.27 (—2.45~0.15) —6.6%* 1(0) 0 69 (62) -1.05 -2 —1.07 —3%* 1989
TNO9Op (days) 2.08 (— 0.22~7.53) 6.6%* 65 (59) 0 5(0) 019 05 3.56 4% 1987
TX10p (days) —0.36 (— 1.82~0.83) —-25%  8(1) 2 60 (23) 0.58 1.6 -064 —-17 1994
TX90p (days) 1.13 (- 0.49~5.29) 4% 63 (41) 0 7(1) —-12  —-27% 294  3.9%* 1997
TXx (°C) 0.10 (= 0.13~0.69) 2.6%%* 53(19) 3 14 (0) -023 -21*% 028  3%* 2002
TNx (°C) 0.17 (= 0.06~0.56) 5.6%% 66 (50) 0 4(0) 0.03 0.2 026  3%* 1987
TXn (°C) 0.22 (- 0.05~0.48) 3.1%% 65 (31) 1 4(0) 002 05 004 0.6 1992
TNn (°C) 0.41 (= 0.09~0.98) 5.6%% 66 (56) 0 4(0) 039  2.5% 0.03 0.1 1985
Whole TN10p (days) — 1.44 (—2.47~1.48) =7.7% 5(2) 0 195(184) —1.47 -—32%% —092 —3.2%* 1988
TNO9Op (days) 2.12 (- 1.23~7.53) TH* 191 (180) 0O 93) 0.41 1.3 321 3.6%%* 1987
TX10p (days) —0.70 (— 1.82~0.83) =5 8(1) 2 190 (134) 0.15 0.6 —0.78 —2.6%* 1988
TX90p (days) 1.00 (—0.49~5.29) 4.6%%* 180 (138) 4 16 (1) —046 —-15 223 2.8 1994
TXx (°C) 0.15 (= 0.36~0.71) 3.7%% 153 (63) 8 393) -003 -03 030  2.3% 1994
TNx (°C) 0.22 (- 0.41~1.17) 5.2%% 186 (131) 0 14 (1) -005 -0.7 036  3.2%* 1994
TXn (°C) 0.35 (— 0.06~1.40) 4.2%% 189 (86) 2 9 (0) 0.30 1.4 002 0.1 1988
TNn (°C) 0.55 (— 0.24~1.89) 6.8%% 193 (145) 0 7 (0) 0.62  3.7%* 010 03 1981

* and **: Mann-Kendall Z is significant at the 0.05 and 0.01 levels, respectively. T7CZ: temperate continental zone; TMZ: temperate monsoon zone; MPZ:
mountain plateau zone; SMZ: (sub) tropical monsoon zone

and — 0.36 days/decade, respectively). Stations with a signif-
icantly decreasing trend of TN10p were evenly distributed
across the four regions. Only approximately 33% of stations

in SMZ showed significant trends for TX10p (Fig. 3).
TN90p, TX90p, TXx, TNx, TXn, and TNn increased
significantly (P < 0.01) at the rates of 2.12 days/decade,
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1.00 days/decade, 0.15 °C/decade, 0.22 °C/decade, 0.35
°C/decade, and 0.55 °C/decade over the past 60 years,
respectively. The percentages of stations having signifi-
cantly decreasing trends were 90%, 69%, 31.5%, 65.5%,
43%, and 72.5% in the whole China, respectively. These
indexes have also increased in the four climatic zones,
showing a similar variation. For TN90p and TXO90p,
stations in MPZ exhibited the largest change magnitudes
(2.29 and 1.38 days/decade), and those in TMZ showed
the smallest changes (2.06 and 0.68 days/decade).
About 53.1% and 58.6% of stations in TMZ and SMZ
increased significantly for TX90p, and 32.7% and
31.4% of stations decreased significantly, respectively.
For TXx and TNx, stations with the largest trend mag-
nitudes were distributed in MPZ (0.23 and 0.27 °C/

decade) and those with the smallest magnitudes were
distributed in SMZ (0.10 and 0.17 °C/decade). TXn
and TNn showed significantly increasing trends (P <
0.01) in all four regions, with the lowest rates (0.22
and 0.41 °C/decade) in SMZ. Stations with significantly
increasing trends were scattered relatively evenly for the
four absolute temperature indexes (Fig. 3).

Although the general trend of percentile-based and ab-
solute temperature indexes was increasing or decreasing
during 1956-2015, an abrupt change occurred in the
1980s for most of these indexes according to the Pettitt
test, whereas TX90p, TXx, and TNx displayed abrupt
changes in the 1990s (Table 1). Comprehensively consid-
ering the abrupt changes of the temperature extremes, the
studied six decades was separated as two 30-year periods

Fig. 3 Spatial distributions of
change trends (per decade) in
percentile-based and absolute
temperature indexes in China
during 1956-2015. Positive/ )
negative trends are shown as up/ ~
down triangles, and the filled
symbols represent statistically

significant trends at the 0.05 level. Q524 Y2d-1b
The size of the triangles is =10-08

/|80-40
L20-40 T -40-20
-10-20 -20-0
" Zero AV Significant (P<0.05)

) X O Zero ms;:n;ﬁgam(knm)
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the trends
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(1956—-1985 and 1986-2015) to explore their correspond-
ing change trends and rates (Table 1). In the whole China,
TX10p underwent a slight increase prior to 1985, but a
significant decline after 1985. The trends over the two pe-
riods were 0.15 (P > 0.05) and — 0.78 days/decade
(P < 0.01), respectively. The change of TX10p was un-
evenly distributed across China and its decreasing trend
was significantly accelerated in MPZ after 1985, while
the corresponding trends were not significant in the other
zones. TN90p increased insignificantly by 0.41 days/
decade (P > 0.05) and significantly (P < 0.01) by 3.21
days/decade before and after 1985 in the whole China,
respectively. Similar trends were also found in contrasting
climatic zones. TX90p, TXx, and TNx showed negative
trends during 1956-1985 with moderate rates of — 0.46,
—0.03, and — 0.05 °C/decade (P > 0.05), but significantly
positive trends after 1985, with the rates of 2.23, 0.30, and
0.36 °C/decade (P < 0.05) in the whole China, respectively.
TNn increased significantly (P < 0.05) during 19561985,
but it showed no significant trend (P > 0.05) after 1985 in
different climatic zones excluding MPZ, where TNn was
significantly increased by 0.88 °C/decade during 1985—
2015.

3.1.2 Threshold, duration, and other extreme temperature
indexes (FDO, IDO, SU25, TR20, CSDI, WSDI, GSL, and DTR)

In the whole China, both frost days (FDO) and ice days
(ID0) showed significantly decreasing trends (P < 0.01)
during 1956-2015, with the average magnitudes of — 2.84
and — 1.34 days/decade, respectively (Fig. 4). About 81%
and 35.5% of the total stations had significantly decreas-
ing trends for FDO and IDO, respectively. Significantly
downward trends (P < 0.05) have also been identified in
the other three climate zones, with the highest change
rates (— 3.65 and — 2.58 days/decade) in MPZ and the
lowest values (— 1.66 and — 0.11 days/decade) in SMZ.
Stations having significantly decreasing trends of FDO
and IDO represented 58.6% and 15.7% in SMZ, respec-
tively (Table 2; Fig. 5). In the whole China, significant
increases in summer days (SU25) and tropical nights
(TR20) were observed at 66% and 64% of stations.
SU25 and TR20 significantly increased by 1.77 and 1.44
days/decade during 1956-2015 (P < 0.01), respectively.
Remarkable increases in these two indicators were mainly
located in TCZ and SMZ (2.37 and 2.58 days/decade),
whereas there were only relatively weak increases in
MPZ (0.78 and 0.03 days/decade). All stations located
in MPZ showed no statistically significant trend for
TR20 during 1956-2015. The stations dominated by sig-
nificantly negative trends (P < 0.01) in cold spell duration
indicator (CSDI) and by significantly positive trends
(P < 0.01) in warm spell duration indicator (WSDI)

accounted for 14.5% and 64% of the stations, respective-
ly. The regionally averaged change rate of CSDI was the
highest in MPZ (= 0.41 days/decade) and the lowest in
TMZ (- 0.17 days/decade). As for WSDI, the regionally
averaged trend was very small (0—0.04days/decade) but
increasing trends were statistically significant (P < 0.01)
for all climatic zones except for MPZ (the trends of all
stations were not significant). In terms of growing season
length (GSL), almost 50% of the stations had increasing
trends, with larger trend magnitude in MPZ (3.23
days/decade) and smaller value in SMZ (0.63
days/decade). Significantly negative trends (63.5%) of
the diurnal temperature range (DTR) were dominant in
the whole China apart from few stations showing signifi-
cantly positive trends (6.5%). The national trend of DTR
was — 0.13 °C/decade with significance at the 0.01 level.

Similar to percentile-based and absolute indexes, an abrupt
change occurred in the 1980s for FDO, ID0, CSDI, GSL, and
DTR according to the Pettitt test. However, change points in
SU25, TR20, and WSDI were mainly detected in the 1990s
(Table 2). Also, the year of 1985 was considered the dividing
line for the trend analysis of threshold and duration indexes.
Trends in SU25, TR20, WSDI, and GSL were not significant
nationally during 1956-1985 (= 0.55, 0.3, 0.01, and 0.21
days/decade, respectively), while the values were significantly
higher than the previous ones after 1985 (3.69, 2.67, 0.04, and
2.72 days/decade, respectively). Similar temporal trends in
SU25, TR20, and WSDI were also identified in TCZ, TMZ,
and SMZ, which exhibited non-significantly and significantly
trends before and after 1985, respectively. Not all the climatic
zones showed the same pattern for GSL, which firstly showed
decreasing trends before 1985 (P > 0.05) and turned to in-
creasing trends after 1985 (P > 0.05) in TMZ and SMZ.
FDO exhibited smaller trend magnitude of — 1.4 days/decade
during 19561985 and larger trend magnitude of — 3.09 days/
decade after 1985 in the whole China. FDO also presented
stronger decreasing trends during 19862015 compared with
that during 19561985 in the four climatic zones. However,
the drastically declining trend in DTR mainly occurred during
the first 30-year period (P < 0.05) except for TMZ. Nationally,
DTR decreased rapidly (P < 0.01) at a rate of — 0.23 °C/
decade during 1956-1985 and then declined insignificantly
(P > 0.05) after 1985 (— 0.04 °C/decade).

3.1.3 Comparison of warm and cold extremes

The change rates of warm and cold indexes were further
compared and analyzed in Table S1. For warm days
(TX90p) versus cool days (TX10p), the national rate of
TX90p (1.00 days/decade) was slightly greater than that
of TX10p (= 0.70 days/decade), with 75% of the stations
having greater trend magnitudes in TX90p. However,
there was smaller trend magnitude in TX90p than that in
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Fig. 4 Annual variations of
spatially averaged values of
threshold and duration
temperature indexes during
19562015 across different
climatic zones of China

280 100
—A— TCZ TMZ -~ MPZ —= SMZ —% Whole —A— TCZ TMZ —+ MPZ —% SMZ —%— Whole
2404
VAR S Gt N VA A . » 80 A
200 v VA, o
— —~ 60
160 ]
21601 ) )
g w <)
(=3 (=]
=] - o
8120 8,
80
20 1
40
0 T T T T T T T T T T T 0 T T T T T T T T T T T
1956 1966 1976 1986 1996 2006 2016 1956 1986 1976 1986 = 1996 2006 2016
Year Year
210 150
—A— TCZ TMZ - MPZ —= SMZ —% Whole —— TCZ ¢« TMZ -+ MPZ -# SMZ —* Whole

SU25 (days)

60
301
oo von S se ‘.~.;‘.;"-"-“".;' W "‘."-
0 T T T T T T T T T T T 10 T T T T T T T T T T T
1956 1966 1976 1986 1996 2006 2016 1956 1966 1976 1986 1996 2006 2016
Year Year
12 2
TMZ —+ MPZ —=— SMZ —% Whole —- TCZ —+ TMZ —+ MPZ —= SMZ —%- Whole

- TCZ

CSDI (days)

WSDI (days)
T

o
o
L

Aeeatretes

0 T T T T T T T T T T T 0 T U T f T U T f T T T
1956 1966 1976 1986 1996 2006 2016 1956 1966 1976 1986 1996 2006 2016
Year Year
400 17
—- TCZ TMZ —+ MPZ —= SMZ — Whole —— TCZ TMZ —+ MPZ —= SMZ —% Whole

360

320 1

GSL (days)
n
@
o
L

240 +

200 +

VA

DTR (°C)

160 —
1956 1966

T

T
1976

TX10p in TMZ. As for warm nights (TN90p) versus cool
nights (TN10p), the national rate in TN90p (2.12
days/decade) was larger compared with that of TN10p
(— 1.44 days/decade), among which about 80% of the
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stations had greater change rates in TN90p relative to
those in TN10p. Similarly, all the climatic zones had
greater change rates in TN90p than those in TN10p.
Nationally, 77% of the stations showed larger trend
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Table2  Trends (unit/decade), Mann—Kendal Z, and the number of stations with positive (significant at the 0.05 level) and negative (significant at the

0.05 level) trends in threshold and duration temperature indexes across different climatic zones of China

Climatic zone Index 19562015 19561985 19862015 Change point (year)

Trend Z Positive  Non-trend Negative Trend Z Trend Z

TCZ FDO (days) —3.07 (—6.51~1.18) —6.7%* 3 (0) 0 55 (55) —-213 —22% —41 —33%* 1989
IDO (days) —1.55 (= 3.72~0.52) —2.9%% 5(0) 1 52 (27) -0.17 -0.2 083 0.5 1987
SU25 (days) 2.37 (—1.05~5.13)  4.8%% 55 (45) 0 3(0) 063 04 417  2.9%* 1997
TR20 (days) 1.13 (—4.87~7.50) 4.4**% 53 (45) 1 4(2) 002 0 2.68  3.0%* 1997
CSDI (days) —0.38 (- 1.92~1.64) — 0.9 14 (1) 1 43 (10) -032 -05 -0.11 -0.7 1989
WSDI (days) 0.02 (—4.87~7.50)  4.1** 53 (45) 1 4(2) 000 0 0.05  3** 1997
GSL (days)  2.37 (—0.52~5.00)  5.1*%*% 55 (44) 0 3(0) 0.77 0.7 417  2.8%* 1989
DTR (°C) —0.13 (= 0.50~0.33) —6** 10 (6) 1 47 (37) -025 —-3.6%* —-0.04 —-09 1983

T™Z FDO (days) —3.00 (—5.62~0) —6.2%% 0 0 49 (45) -1.03 —-13 —-3.76 —2.9%*% 1989
IDO (days) = 1.17 (— 2.43~0) —24% 1(0) 0 48 (22) -032 =03 1.59 1.1 1989
SU25 (days) 1.85(0~4.23) 4 48 (31) 0 1 (0) —-046 —-04 3.81 2.8%* 1994
TR20 (days) 1.84 (—1.04~6.18)  4.1%* 47 (34) 1 1 (0) -022 -03 332 2.4* 1994
CSDI (days) —0.17 (- 1.99~0.73) — 1.2 10 (0) 3 36 (4) -0.12 -0.6 -0.09 -0.7 1978
WSDI (days) 0.04 (— 1.04~6.18)  4.1** 47 (34) 1 1(0) 000 -03 0.07  2.4* 1994
GSL (days)  2.15 (0~4.60) 4.3%% 48 (34) 0 1(0) -038 —-04 234 1.6 1988
DTR (°C) —0.19 (= 0.60~0.17) —6.3*%* 5(2) 0 44 (37) -012 —-15 —-0.16 —3.1%* 1983

MPZ FDO (days)  — 3.65 (- 7.50~0.67) — 6.7%% 1(0) 0 22(22) -—181 —23% -59 —4% 1988
IDO (days) —2.58 (— 7.08~0) —4.5% 2(0) 0 21 (18) -0.14 -0.2 —-344 —-22% 1987
SU25 (days) 0.78 (0~3.33) 4.5%% 17 (15) 5 1(0) 031 09 1.74  3.1%* 1994
TR20 (days) 0.03 ( 0~0.05) 1.6 0 20 3(0) 0.01 0.5 0.08 1.0 1994
CSDI (days) —0.41 (—0.92~0.17) — 1.6 5(0) 0 18 (3) -0.54 -1.6 -020 -0.8 1988
WSDI (days) 0.00 (0~0) 0 0 20 3(0) 000 O 000 O 1994
GSL (days)  3.23 (0.57~9.29) 5.5%% 23 (15) 0 0 0.76 0.8 4.19 3% 1988
DTR (°C) —0.11 (= 0.37~0.25) —4.7% 6(1) 0 17 (14) -020 —-3.1% —-0.07 —12 1974

SMZ FDO (days) — 1.66 (—5.93~0) = 5.1%% 7(0) 9 54 (41) -046 —-038 0.03 0.1 1987
IDO (days) = 0.11 (= 2.31~0) -0.7 6 (0) 34 30 (11) -0.03 -03 -0.02 =03 1987
SU25 (days) 2.14 (—2.33~9.06)  3.7%* 64 (41) 6 (1) -193 —-18 578  3.8%* 1994
TR20 (days) 2.58 (0~11.43) 5.7+ 64 (49) 4 2 (0) 088 1.1 495  3.9%* 1994
CSDI (days) —0.27 (—3.18~1.64) — 1.6 19 (1) 1 50 (12) -049 -14 -044 -12 1978
WSDI (days) 0.04 (0~11.43) 5.7%% 64 (49) 4 2 (0) 0.01 1.1 0.07  3.9%* 1994
GSL (days) 0.63 (—0.36~7.85) 1.2 39 (7) 14 17 (1) -0.68 —03 0.85 0.7 1989
DTR (°C) —0.08 (—0.44~0.26) —3.7%% 13 (4) 0 57 (39) -025 —3.7% 0.01 03 1980

Whole FDO (days) —2.84 (—7.50~1.18) —7.3** 11 (0) 9 180 (163) —14 —24% —3.09 —3** 1987
IDO (days) —1.34 (— 7.08~0.52) —4.4*%* 14 (0) 35 151(78) —0.13 —0.7 0.03 0.1 1987
SU25 (days) 1.77 (—2.33~9.06)  4.4%* 184 (132) 5 11 (1) -0.55 -038 3.69  3.0%F 1994
TR20 (days) 1.44 (—4.87~11.43) 5.2%* 167 (128) 26 72) 030 0.7 2.67  3.2%* 1994
CSDI (days) —0.36 (—3.18~1.64) — 1.8 48 (2) 5 147(29) —-042 -1.6 -020 —1.1 1978
WSDI (days) 0.02 (—4.87~11.43) 5.0%* 167 (128) 26 7(2) 001 04 0.04  3.1%* 1994
GSL (days)  2.16 (— 0.52~9.29)  5.7%* 165 (100) 14 21 (1) 021 03 272 2.5% 1988
DTR (°C) —0.13 (= 0.60~0.33) —6.5%% 34 (13) 1 165 (127) —023 —3.7% —0.04 —1.2 1981

* and **: Mann-Kendall Z is significant at the 0.05 and 0.01 levels, respectively. 7CZ: temperate continental zone; 7MZ: temperate monsoon zone; MPZ:
mountain plateau zone; SMZ: (sub) tropical monsoon zone

magnitudes in minimum 7,,,, (TXn), and the national
magnitude in TXn was 0.35 °C/decade, which was 2.3
times larger relative to that of maximum 7., (TXx)

(0.15 °C/decade). Minimum 7,,;, (TNn) (0.55 °C/decade)

was 2.5 times greater than that of maximum 7,;, (TNx)
(0.22 °C/decade), with 85% of the stations having greater
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Fig. 5 Spatial distributions of
change trends (per decade) in
threshold and duration
temperature indexes in China
during 1956-2015. Positive/
negative trends are shown as up/
down triangles, and the filled
symbols represent statistically
significant trends at the 0.05 level.
The size of the triangles is
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trend magnitudes in TNn. The trends of TNx showed
greater change rates than those of TXx at 59% of the
stations, and 76% of the stations showed larger magni-
tudes in TNn than those in TXn. Frost days (FDO) (-
2.84 days/decade) exhibited greater national change rate
than summer days (SU25) (1.77 days/decade) and tropical
days (TR20) (1.44 days/decade), with 64% and 70% of
the stations having larger trend magnitudes in FDO, re-
spectively. FDO showed larger trend magnitudes than
those of growing season length (GSL) (— 2.84 and 2.16
days/decade, respectively) at 72% of the stations. About
83%, 87%, and 57% of the stations had greater trend
magnitudes of ice days (ID0) than those in SU25, TR20,
and GSL in SMZ, respectively. Further, changes of tem-
perature extremes on the basis of daily minimum
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temperature (TN10p, TN90p, TNx, and TNn) appeared
to have larger changes than those based on daily maxi-
mum temperature (TX10p, TX90p, TXx, and TXn) both
nationally and regionally.

3.1.4 Correlation coefficients of extreme temperature indexes

To explore if the extreme temperature indexes selected here
were indicative to the mean air temperature (7py,cqn) and clarify
their interactions and relationships among the 16 indexes, the
Pearson correlation coefficient was determined for the four
climatic zones (Table S2). Nationally, all the indexes had high
correlations with 7j,c.n, having correlation coefficient greater
than 0.5 (P < 0.01). Regionally, compared with the other in-
dexes, DTR had slightly lower correlations with 7p,cqn, and
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even failed the significance test in SMZ (P > 0.05). Overall,
positive correlations were significant (P < 0.01) between
Tmean and warm extremes, and the largest values of correlation
coefficient were higher than 0.90 for TN90p across different
climatic zones. A comparison of various cold indexes revealed
that TN10p and FDO had stronger negative correlations with
Tineans With the coefficients of approximately 0.90 except for
SMZ. For warm extremes, there were high positive correla-
tions among warm indexes, with the highest correlation coef-
ficient existing between TR20 and WSDI (nearly 1). In addi-
tion, cold indexes versus cold indexes also showed significant
positive correlations except for the two absolute indexes of
TXn and TNn. The highest coefficient among cold indexes
existed between TXn and TNn (R > 0.85), while the highest
value of 0.77 existed between TN10p and FDO in SMZ. The
four absolute indexes (TXn, TNn, TXx, and TNx) had a pos-
itive correlation, where the highest correlation coefficient was
found between TNx and TXX, indicating that the absolute
indexes exhibited similar variations over time. However, the
correlation coefficients between the absolute indexes and most
other indexes failed the significance test (P < 0.05) in TCZ
and TMZ. Cold indexes (TX10p, TN10p, FDO, ID0, and
CSDI) versus all warm indexes showed negative correlations,
confirming that these two categories of indexes showed exact
opposite change trends over the past 60 years. For TMZ and
SMZ, IDO0 versus most warm indexes showed no significant
negative correlation (P > 0.05). The correlations between
CSDI and warm indexes (SU25, TR20, and WSDI) were not
significant in MPZ.

3.2 Spatiotemporal changes of extreme precipitation
indexes

3.2.1 Percentile-based and absolute extreme precipitation
indexes (R95P, R99p, RX1day, and RX5day)

Relative to temperature extremes, changes of precipitation
extremes over the span of 1956-2015 showed lower signifi-
cance (Fig. 6, Table 3). Nationally, the very wet day precipi-
tation (R95p) and extremely wet day precipitation (R99p) in-
creased insignificantly during 1956-2015 (P > 0.05), with the
values of 2.71 and 1.51 mm/decade, respectively. Stations
with positive trends in these two indexes represented 63.0%
and 57.5%, in which only 9.5% and 9.6% of the stations were
featured by significantly increasing trends (P < 0.05), mostly
located in SMZ. Stations having positive trends in TCZ and
TMZ occupied 62.1% and 38.8% in R95p and 53.4% and
36.7% in R99p, respectively. In general, non-significantly
downward trends were detected for R95p and R99p in TCZ
and TMZ during 19562015 (P > 0.05) (Fig. 7). For the ab-
solute indexes of maximum 1-day (RX1day) and 5-day
(RX5day) precipitation, more stations showed upward trends
compared with those having downward trends in the whole

China (61% versus 37.5%, 56% versus 44%, respectively),
although the amount of stations experiencing significantly
positive trends were generally small (P < 0.05) (8.5% and
8% of total stations, respectively). The spatially averaged
values of RX1day and RX5day non-significantly increased
by 0.37 and 0.22 mm/decade over the past six decades (P >
0.05), respectively. The regional trends in these two indexes
across different climatic zones were not consistent. RX1day
and RX5day showed insignificantly negative trends (P > 0.05)
in TCZ, TMZ, and MPZ, while they showed significantly
positive trends (P < 0.05) in SMZ during 1956-2015. The
largest increasing rates of R95P, R99p, RX1day, and
RX5day occurred in SMZ (10.45, 6.82, 1.94, and 1.93 mm/
decade, respectively).

There were abrupt changes in the variations of percentile-
based and absolute precipitation extremes in the 1970s in TCZ
and TMZ, while the abrupt change years were identified in the
1990s in MPZ and SMZ. Comprehensively considering the
abrupt changes of these precipitation extremes, the change
trends between the two 30-year periods of 1956-1985 and
19862015 were further analyzed and compared. Weak de-
creases in R95P, R99p, RX1day, and RX5day before 1985
changed to insignificant increases from 1986 to 2015 in the
whole China. The change trends in R95P, R99p, RX 1day, and
RXS5day during the two periods were completely opposite in
TCZ. R95P, R99p, and RX1day showed significantly down-
ward trends (P < 0.05) at rates of — 7.06, — 3.41, and — 1.27
mm/decade during 1956-1985, but non-significantly upward
trends were detected during 1986-2015 (P > 0.05) in TCZ.
The decreasing trends were not significant (P > 0.05) during
1956-1985 and the change trends remained stable after 1985
in TMZ. Increasing trends were detected for all the four pre-
cipitation indexes in MPZ during the whole period, but the
upward trends were accelerated during 19862015 compared
with the period of 1956-1985, and the upward trends in R95P,
RX1day, and RX5day passed the significant tests. Regionally
averaged values of R95P, R99p, RX1day, and RX5day were
larger after 1985 in SMZ (11.81, 9.01, 3.91, and 3.61 mm/
decade, respectively).

3.2.2 Threshold and duration extreme precipitation indexes
(R10mm, R25mm, R50mm, CDD, and CWD)

Spatially averaged heavy precipitation days (R10mm), ex-
tremely heavy precipitation days (R25mm), and rainstorm
days (R50mm) exhibited increasing trends from 1956 to
2015 in the whole China, with the values of 0.06, 0.02, and
0.02 days/decade, respectively, in which 90, 98, and 110 sta-
tions (45%, 49%, and 55% of total stations) displayed increas-
ing trends. However, only 14, 13, and 11 stations exhibited
significantly upward trends (P < 0.05) (Table 4, Fig. 8). The
changes of R10mm in TCZ, TMZ, and SMZ showed mixed
patterns of upward and downward trends, 53.4% upward
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versus 43.1% downward in TCZ, 30.6% versus 63.3% in
TMZ and 35.7% versus 58.6% in SMZ. MPZ was dominated
by positive trends in R10mm (82.6%) apart from some sta-
tions having negative trends (17.4%). The regionally averaged
trend in R10mm was 0.63 days/decade (P < 0.01). The sta-
tions having larger increasing trends in R25mm (0.6-0.9
days/decade) and R50mm (0.4-0.6 days/decade) were mainly
located in SMZ. These two indexes were enhanced signifi-
cantly over the past 60 years in SMZ (0.20 and 0.12
days/decade, respectively). Stations remained unchanged in
R50mm occupied 74% in MPZ, and the majority of the sta-
tions exhibited no upward or downward trend in the western
part of TCZ (Fig. 9). Nationally, consecutive wet days (CWD)
significantly (P < 0.05) decreased during 1956-2015 (— 0.05
days/decade), although significantly downward trends were
only detected at 18 stations, in which 12 stations were located
in SMZ. More stations showed upward trends in MPZ com-
pared with those having downward trends, and CWD showed
an increasing trend in this region. CWD decreased at a rate of
—0.06 days/decade in TMZ (P > 0.05) and — 0.14 days/decade
in SMZ (P < 0.05). Consecutive dry days (CDD) decreased
during 1956-2015 (P > 0.05) in the whole China, although
most stations in TMZ and SMZ presented positive trends. The

@ Springer

Year

spatial distribution of change trends in CDD was opposite to
that of CWD. CDD remained stable in TMZ but it showed an
increasing trend in SMZ. CDD decreased at rates of — 1.08 (P
> 0.05) and — 1.69 (P < 0.05) in TCZ and MPZ, respectively.

The Pettitt test showed that the abrupt change points in
threshold and duration indexes were mainly detected from
the 1970s to the 1990s, and the general trends of these indexes
in different climatic zones as well as the whole China during
the two periods 19561985 and 1986-2015 are shown in
Table 4. R10mm, R25mm, and R50mm firstly showed de-
creasing trends during 1956-1985 (P > 0.05) and shifted to
increase after 1985 (P > 0.05) in the whole China. The same
trends in these three indexes were also identified in TCZ and
TMZ. R10mm and R25mm presented greater increasing
trends from 1986 to 2015 than those during the whole period
in MPZ. The regional upward trends in CDD were identified
in all the four climatic zones during 1956—1985, but the trends
were mixed from 1986 to 2015, with downward trends in
TCZ, TMZ, and MPZ and upward trends in SMZ. There were
no obvious changes in CWD except for SMZ. CWD showed a
positive trend during 19561985 with a gentle rate of — 0.07
days/decade (P > 0.05), but a significantly positive trend (—
0.29 days/decade) was identified after 1985 in SMZ.
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Table 3

Trends (unit/decade), Mann—Kendal Z, and the number of stations with positive (significant at the 0.05 level) and negative (significant at the

0.05 level) trends in percentile-based and absolute precipitation indexes across different climatic zones of China

Climatic zone Index 19562015 1956-1985 1986-2015  Change point (year)
Trend z Positive Non- Negative Trend Z Trend Z
trend

TCZ R95p (mm)  —0.28 (- 11.46~13.25) —0.1 36(3) 1 21(1) —7.06 —-21*% 216 06 1975
R99p (mm)  —0.45(0~0.59) -08 313 5 22(2) —341 —24* 157 09 1980
RXlday (mm) —0.14 (—2.58~3.89) —05 34(4) O 24(1) —127 —-2.0* 010 0.1 1975
RX5day (mm) —0.37 (- 5.6~4.13) -08 3208 0 26(3) —205 —-17 007 0.1 1975

T™Z R95p (mm)  —127(—1822~897) —05 19(0) 2 28(1) —572 -06 011 O 1975
R99p (mm)  —1.11 (0~0) -08 18(1) 2 290) —-6.12 —-13 020 0.1 1976
RXlday (mm) —0.48 (—4.67~4.33) —09 20(0) O 29(2) —-101 -05 —-0.15 —-0.1 1978
RX5day (mm) —1.38(—9.44~749) —-1.6 17(0) O 32(1) -—-276 —12 026 02 1977

MPZ R95p (mm) 1.47 (— 4.71~9.65) 19 173 0 6 (0) 015 03 340 2.6% 1993
R99p (mm) 1.04 (0~1.68) 18 142 0 9(0) 075 04 273 19 1991
RX1day (mm) 0.25 (— 0.4~1.18) 06 132 2 8(0) 028 1.0 0.66 2.5% 1996
RX5day (mm) 0.56 (- 0.71~2.47) 09 17(1) 0 6 (0) 029 08 153 24% 1999

SMZ R95p (mm) 10.45 (—31.85~44.31) 3.1%% 54(6) O 16(2) —036 —0.1 11.81 3.0%% 1991
R99p (mm)  6.82 (- 5.55~35.08) 3.4%E 52(5) 4 14(1) 080 02 9.01 2.6% 1989
RXlday (mm) 1.94 (—7.31~13.95) 4% 55@®) 1 142 032 03 391 2.7%% 1990
RXS5day (mm) 1.93 (—12.53~16.81) 24* 46(7) O 24(3) —1.68 —08 3.61 15 1990

Whole R95p (mm)  2.71 (-31.85-44.31) 1.7 126(12) 3 71(4) —303 —-06 392 1.0 1990
R99p (mm) 1.51 (- 5.55~35.08) 1.5 115711 11 74(3) —150 —09 272 14 1989
RX1day (mm) 0.37 (—7.31~13.95) 1.7 122(17) 3 75(5) —054 —-07 092 1.7 1994
RXSday (mm) 0.22 (—12.53~16.81) 0.6  112(16) 0 88(7) —164 —15 173 15 19%4

* and **: Mann-Kendall Z is significant at the 0.05 and 0.01 levels, respectively. 7CZ: temperate continental zone; TMZ: temperate monsoon zone; MPZ:

mountain plateau zone; SMZ: (sub) tropical monsoon zone
3.2.3 Other extreme precipitation indexes (PRCPTOT and SDII)

Nationally averaged annual total precipitation
(PRCPTOT) showed a statistically non-significant trend
during 1956-2015 in the whole China. PRCPTOT
underwent a slight decrease during 1956-1985, but it
was increased by 6.44 mm/decade (P > 0.05) after 1985.
Stations having increasing trends were mainly situated in
western and southeastern China. A significant increasing
trend was detected over the past 60 years in MPZ (7.58
mm/decade, P < 0.01), with a sharp increase during 1986—
2015 (13.44 mm/decade). Stations having larger increas-
ing (30—45 days/decade) and decreasing (— 45~ — 30
days/decade) trends in PRCPTOT were located in SMZ,
and the averaged magnitude was 7.08 days/decade (P >
0.05). PRCPTOT showed negative trends during 1956—
1985 at the rates of — 10.97 in TCZ and — 17.52 mm/
decade in TMZ (P > 0.05), but it showed positive trends
after 1985 at the rates of 4.00 and 4.89 mm/decade (P >
0.05), respectively. Daily rainfall intensity (SDII) was sig-
nificantly (P < 0.01) increased in MPZ during 1956-2015
(0.10 mm/day/decade), with a sharp increase from 1986 to
2015 (0.26 mm/day/decade). The regionally averaged

SDII in the other climatic zones (TCZ, TMZ, and SMZ)
showed weak decreases during 1956—1985, but underwent
positive trends after 1985.

3.2.4 Correlation coefficient of extreme precipitation indexes

The correlation coefficients of the extreme precipitation in-
dexes are presented in Table S3. Nationally, all the indexes
apart from consecutive dry days (CDD) (R = — 0.35) and
consecutive wet days (CWD) (R = 0.26) showed great corre-
lations with annual total precipitation (PRCPTOT) (P < 0.05).
Compared with other indexes, CDD and CWD also showed
slightly lower correlations with PRCPTOT in TMZ, MPZ, and
SMZ and even failed the significance test for CDD in these
regions (P > 0.05). However, PRCPTOT was well related with
all extreme precipitation indexes in TCZ, with correlation co-
efficients larger than 0.50 (P < 0.01). The maximum value of
correlation coefficients between PRCPTOT and precipitation
extremes was higher than 0.97 for heavy precipitation days
(R10mm) across different climatic zones. Besides, significant
statistical correlations existed in these extreme precipitation
indexes, excluding CDD and CWD. The highest correlation
coefficient in these extreme precipitation indexes existed
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Fig. 7 Spatial distributions of change trends (per decade) in percentile-
based and absolute precipitation indexes in China during 1956-2015.
Positive/negative trends are shown as up/down triangles, and the filled

between R10mm and R25mm in TCZ and TMZ (R =0.91 and
0.93, respectively), while the highest values were identified
between R99 and R50mm in SMZ and the whole China (R =
0.95 and 0.94, respectively).

4 Discussion

4.1 Changes of temperature and precipitation
extremes in the whole China during 1956-2015

The present results suggested that the trends of temperature
extremes in the whole China generally agreed with previous
studies, with a general warming trend during the past six de-
cades (Choi et al. 2009; Ruml et al. 2017). However, changes
of cool/warm nights (TN10p/TN90p) were more prominent
than those of cool/warm days (TX10p/TX90p) in the whole
China during 1956-2015. Faster increases were observed for
maximum and minimum 7p,;,, (TNx, TNn) than maximum and
minimum 7y, (TXx, TXn). These indicated that the trends in
Tmin-related extremes (night extremes) were faster than those
of Tax-related extremes (day extremes), and highlighting the
greater nighttime warming relative to the daytime warming
(Zhou et al. 2016; Shi et al. 2018). This asymmetry resulted
in a national decreasing trend in DTR over the past 60 years.
Cold extremes, such as TNn, TXn, and FDO, appeared to be
warming faster than warm extremes (TNx, TXx, SU25,
TR20), which are in agreement with the more quickly
warming in winter temperatures (IPCC 2007). In the present
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symbols represent statistically significant trends at the 0.05 level. The size
of the triangles is proportional to the magnitude of the trends

study, only SDII exhibited a significantly increasing trend
during 19562015, whereas the other ten extreme precipita-
tion indexes exhibited no significant trends in the whole
China. This is generally good consistent with the results of
Choi etal. (2009) and Shi et al. (2018), who revealed that there
was a much lower level of statistical significance in precipita-
tion extremes compared with temperature extremes.

An abrupt change in climate is a usual and vital phenome-
non in nature. Our results revealed that cold indexes presented
abrupt changes in the 1980s, but warm indexes altered sud-
denly in the 1990s (Table 1 and 2). For extreme precipitation
indexes, the abrupt changes in TCZ and TMZ (1970s) were
earlier than those in MPZ and SMZ as well as the whole China
(1990s) (Tables 3 and 4). Considerable exploratory studies
have explored the mechanisms responsible for these differ-
ences, such as atmospheric circulation oscillations (Liu et al.
2019), rapid urbanization and dramatic economic growth (Lu
et al. 2016; Li et al. 2017), volcanic eruption (Guo and Liu
2002), and nuclear explosion (Voitsekhovich et al. 2007); but
opinions varied on this aspect. This can be connected with
various weather conditions, topography, and other factors af-
fecting regional climate. However, the reasons of abrupt cli-
mate change are not yet clear and further analysis is needed in
the future. Obviously, the changes of extreme temperature
indexes were different between 1956-1985 and 1986-2015.
During 1956-1985, the trend of temperature indexes was
more ambiguous, and several indexes like TX10p, TX90p,
TXx, TNx, and SU25 showed cooling trends in the whole
China. However, these indexes started to show warming
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Table 4 Trends (unit/decade), Mann—Kendal Z, and the number of stations with positive (significant at the 0.05 level) and negative (significant at the
0.05 level) trends in threshold, duration, and other precipitation indexes across different climatic zones of China

Climatic zone Index 19562015 1956-1985 19862015 Change point (year)
Trend Z Positive Non- Negative Trend Z Trend Z
trend

TCZ R10mm (days) —0.02 (= 0.67~0.75) - 0.1 31(6) 2 25(1) -038 —-10 015 05 1975
R25mm (days)  —0.02 (= 0.3~0) -07  31(5 5 22(2) -015 —-16 003 04 1975
R50mm (days) —0.01 (- 030~0.01) —-08 25@) 21 12 (2) —005 —29% 002 09 1980
CDD (days) ~ 1.08 (- 12.86~7) -09 282 1 29 (3) 465 14 -108 —02 1987
CWD (days) —0.04 (- 0.23~0) -19 2233 3 33 3) -009 —-16 —002 —03 1980
PRCPTOT (mm) — 1.07 (- 17.21~17.27) —0.5 30(8) 0 28 (1) -1097 —16 40 06 1975
SDII (mm/day) ~ 0.04 (— 0.21~0.33) 1.1 4a1¢) 2 15 (1) ~005 -05 01 07 1990

™Z R10mm (days) —021 (- 0.74~027) —09 15(0) 3 31(1) -08 -12 035 05 1975
R25mm (days)  —0.05 (= 0.25~0) -0.6 12 (0) 5 32(0) -020 -11 0.17 0.6 1975
R50mm (days)  —0.01 (= 0.05~0) -03 24 (1) 3 22(1) -004 -07 007 10 1975
CDD (days) 0.00 (- 6.22~3.33) 0 29 (1) 3 17.(3) 3.58 1.8 -013 -02 1971
CWD (days) —0.06 (- 0.24~0) -19 14(0) 3 32(3) -018 —-17 001 0.1 1973
PRCPTOT (mm) —4.5(-23.64~6.13) —11 10(0) 0 39 (1) —17.52 —12 489 06 1975
SDIT (mm/day) ~ 0.00 (~ 0.19~0.29) 0 29(0) 4 16 (0) -006 —-04 011 06 1975

MPZ R10mm (days)  0.63 (— 0.2~0.77) 41% 195 0 4(0) 045 1.1 094 24% 1998
R25mm (days) ~ 0.03 (0~0.50) 1.9 133) 1 9 (0) -001 -04 007 17 1989
R50mm (days)  0.00 (0~0) 0 4(0) 17 2(0) 000 0 000 0 1989
CDD (days) —1.69 (- 10.35~1.61) —2.0* 5(0) 3 15(2) 1.21 0.6 —255 —20% 1986
CWD (days) 0.03 (= 0.09~0.33) 0.6 14 (3) 1 8(0) 0.15 1.2 0 0 1974
PRCPTOT (mm) 7.58 (—0.51~16.44) 4.0%  22(7) 0 1(0) 4.98 1.0 13.44  24% 1998
SDIT (mm/day) ~ 0.09 (— 0.06~0.25) 27#  203) 0 3(0) 012 1.1 026 34% 1993

SMZ RI0mm (days)  0.09 (— 1.3~1.67) 0.3 25(3) 4 41 (3) 073 07 -022 —02 2003
R25mm (days)  0.20 (~ 0.61~1.29) 20%  42(5 4 24 (2) 016 07 025 07 1993
R50mm (days) ~ 0.12 (~ 0.24~0.52) 284  57(6) 4 9(1) 003 04 016 12 1991
CDD (days) 0.56 (— 1.54~3.68) 1.8 6@ 2 22 (0) 002 0.1 064 1.0 2004
CWD (days) —0.14 (- 0.59~0.18)  —3.1%* 18(0) 3 49(12)  -007 -07 —029 —2.6% 1999
PRCPTOT (mm) 7.08 (—58.42~70.22) 1.1 38(4) 0 32(3) 9.26 0.7 8.09 05 1993
SDII (mm/day)  0.24 (— 0.39~0.72) 4.0%*  58(14) 2 10 (1) -0.11 -1.1 036 19 1991

Whole R10mm (days)  0.06 (— 1.3~1.67) 0.6 90(14) 9 101 (5) -010 -04 031 07 1990
R25mm (days)  0.02 (~ 0.61~1.29) 08 98 (13) 15 87 (4) -003 -02 006 06 1993
R50mm (days)  0.02 (~ 0.24~0.52) 1.8 110 (11) 45 45 (4) -001 -02 005 15 1991
CDD (days) —0.6 (- 12.86~7) 11 108(7) 9 83 (8) 28 13 078 04 1987
CWD (days) —0.05(-059~033) —15 68(6) 10 122(18) —-002 -05 -006 —1.0 1997
PRCPTOT (mm) 091 (—5842~70.22) 0.4 100 (19) © 100 (5) -34 -04 644 05 1990
SDII (mm/day) ~ 0.10 (— 0.39~0.72) 3.0%  148(22) 8 44 (2) ~003 -06 022 24% 1994

* and **: Mann-Kendall Z is significant at the 0.05 and 0.01 levels, respectively. 7CZ: temperate continental zone; TMZ: temperate monsoon zone; MPZ:

mountain plateau zone; SMZ: (sub) tropical monsoon zone

trends after 1985. It is noteworthy that the warming trends in
TX90p, TXx, SU25, and WSDI during 1986-2015 doubled
the changes over the whole period. This confirmed that there
was an accelerated warming after the mid-1980s, which was
in accordance with the findings in the Yangtze River Basin
(Guan etal. 2015) and in northeastern China (Yu and Li 2015).
Besides, it is worth noting that the increment of TNn was large
(P <0.01) during 19561985 while the increment was smaller

after 1985, which resulted in a small decreasing trend in DTR
from 1986 to 2015. This corroborated the finding of Liu et al.
(2004), who indicated that the decrease in DTR halted since
1990 because Tpax and Ty, grew at a similar rate during the
1990s. Time-series analyses revealed that most extreme pre-
cipitation indexes exhibited an upward trend after 1985 in
different climatic zones, although a drying tendency was ob-
served in TCZ and TMZ during 1956-1985. However, the
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frequency of precipitation extremes declined in southern, north-  in northern China during 1960-2013. This difference can be
east, and northern China, while they increased in the western  largely attributed to the fact that they did not consider the cli-
and southeastern coastal China (Zhai et al. 2005). Mei et al.  matic change points, which further confirmed the importance of
(2018) have demonstrated that precipitation extremes decreased  different time-series analyses of precipitation extremes.
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Fig. 9 Spatial distributions of
change trends (per decade) in
threshold, duration, and other
precipitation indexes in China
during 1956-2015. Positive/
negative trends are shown as up/
down triangles, and the filled
symbols represent statistically
significant trends at the 0.05 level.
The size of the triangles is
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4.2 Comparison of changes of temperature
and precipitation extremes in contrasting climate
zones of China

There were variations in the change magnitudes of extreme
temperature and precipitation indexes across different regions
of China. For most temperature extremes, stations in the
mountain plateau zone (MPZ) tended to exhibit the largest
trend magnitudes, and stations in the (sub) tropical monsoon
zone (SMZ) had the smallest trend magnitudes. As for some
warm extremes, TN90p, TX90p, SU25, TR20, and WSDI
also increased profoundly in SMZ. The differences in the
spatial pattern of extreme temperature indexes were also

found by previous researchers. Liu et al. (2004) analyzed daily
temperature data in China from 1955 to 2000 and found that
temperature extremes showed increasing trends and the
increased temperatures were most remarkable in
northwestern China and were the lowest in the southwest.
Xu et al. (2011) concluded that obvious decreases of cool
nights/days were observed in northern and northeastern
China, whereas warm nights/days increased remarkably in
southern, southwestern, and northwestern China. Compared
with the studies of Wang et al. (2013a) and (2013b) on climat-
ic extremes in northwestern China and over the western
Tibetan Plateau, it was found that the trends of temperature
extremes appeared to have greater increases in the Tibetan
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Plateau of China. Also, the decrease of frequency in cold
extremes and the increase of frequency in warm extremes in
the Tibetan Plateau were greater than those in eastern China
(Yin and Sun 2018). This uneven spatial distribution can be
ascribed to the comprehensive influences of global warming,
atmospheric circulation oscillations, urbanization, topogra-
phy, and elevation (Liu et al. 2009). The greatest warming
trend in MPZ was most likely caused by the high elevation
(average 4236 m a.s.l.), which agreed with the findings of
Guan et al. (2015), who discovered that the climate warming
was more significant at sites with greater altitudes compared
with those with smaller altitudes. The higher the elevation
was, the more notable decreases in cold-related indexes oc-
curred when the elevation was larger than 350 m. Besides, the
cloud-radiation and snow-albedo feedbacks were also
regarded as other influencing factors in the Tibetan Plateau
(Liu et al. 2009), which is an important part of MPZ. As
elevation increases, the decreasing trend of total cloud amount
and annual mean snow depth and the increasing trend of
surface-absorbed solar radiation become more prominent,
providing an explanation for the greater warming trend in
MPZ in the present study. However, in the study of You
et al. (2008), elevation had no obvious effect on the change
of temperature indexes apart from TX10p and TXn. Some
studies have also found the relationships between warming
amplitude and latitude around the world. IPCC (2007) pointed
out that warming was more obvious at high latitudes in the
northern hemisphere under global warming. Guan (2015)
found that the warming rate decreased with the decrease in
latitude, which may result in the smallest warming amplitude
in SMZ due to much lower latitudes in our study. In addition,
greater warming trend was found at stations located around
the coastline of SMZ, such as Jiangsu, Zhejiang, and Fujian
provinces, although they had lower elevation but the same
latitude compared with some inland provinces such as
Sichuan and Guizhou provinces. This may be related to the
rapid urbanization occurred in southeastern China (Zhou et al.
2004). Atmospheric circulation oscillations, such as El Nifio-
Southern Oscillation (ENSO), Arctic oscillation (AO), and
North Atlantic Oscillation (NAO), may exert an important
influence on temperature extremes. Thompson and Wallace
(2001) found that the continuous change of NAO towards a
high index was an important reason for winter warming in the
northern hemisphere continental regions in recent decades. Ju
et al. (2004) considered that AO possibly caused the anomaly
of atmospheric circulation and the temperature increasing in
North of East Asia Winter. The detailed influences of those
factors on global warming in various regions require further
study in the future.

Similar to temperature extremes, the change magnitudes
of extreme precipitation indexes in different regions of
China also varied. Precipitation extremes in TCZ and
TMZ showed negative trends during 19561985, coupled
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with the rise of consecutive dry days (CDD). However,
the two regions were dominated by increasing trends of
precipitation totals after 1985, indicating drought-induced
disasters could be reduced in these regions. Shi et al.
(2007) revealed that the climate in northwestern China
changed from dryer to wetter in 1987. Wang et al.
(2013a) suggested that precipitation indexes mostly exhib-
ited a positive trend in northwestern China after 1986,
indicating that the arid region of China was becoming
wetter although this change was insignificant. Also, there
was a generally downward trend in TMZ for CDD, and
an upward trend for consecutive wet days (CWD) was
observed in this region after 1985 (Table 4), which further
confirmed the easing of droughts in TMZ in recent 30
years. Negative trends in CDD and positive trends in
CWD were the strongest in the western part of TCZ and
MPZ (Fig. 9), which indicated that precipitation is expect-
ed to occur more frequently in these regions,
although they are not becoming heavier. Fu et al. (2008)
also showed that the number of light rain days in western
China had been increasing from 1961 to 2005. In general,
the change magnitudes of R95p, R99p, RX1day, RX5day,
R25mm, and R50mm were largest in SMZ, and stations
having significantly enhancing trend were largely distribut-
ed in the southeastern coastal area of SMZ, which was
similar to the findings of Ma et al. (2015), who pointed
out that the averaged precipitation amount and days were
largest in southeastern China. Besides, CWD showed a
significantly downward trend and accompanied by the in-
crease of CDD in the region of SMZ, but daily rainfall
intensity (SDII) showed a significantly upward trend. Gao
et al. (2017) analyzed the spatiotemporal variation of pre-
cipitation extremes in the monsoon region of China and
found that the increasing trend of PRCPTOT was domi-
nantly spread in the central-eastern China and southeastern
coastal regions. These regions were characterized by de-
clining trends in CWD and upward trends in SDII. In the
study of Song et al. (2011), the number of precipitation
days with light rainfall clearly decreased, while the precip-
itation days with heavy rain, often inducing floods, in-
creased. Recent projection studies have shown that more
frequent and more intense precipitation extremes would
occur in the middle and lower reaches of the Yangtze
River and the southeastern region (Feng et al. 2011b;
Jiang et al. 2012b; Guo et al. 2018) by the end of the
twenty-first century. One implication of this change is that
the risk for floods in southern China would increase.
Previous studies showed that atmospheric circulations
oscillations had substantial influences on the variability
of precipitation over China in a warming climate. The
relationship of El Nifio-Southern Oscillation (ENSO) and
extreme rainfall in China varied in different regions and
on various time scales (Fu et al. 2013). Huang and Wu
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(1989) found droughts may become more common in north-
ern China, while floods would occur over the Yangtze and
Huaihe River Basins at the developing stage of El Niflo. The
Pacific decadal oscillation (PDO) plays an important role in
regulating ENSO events, which affects the atmospheric circu-
lation anomalies in Asia (Zhu and Yang 2003). The positive
phase of Atlantic multidecadal oscillation (AMO) is usually
related to higher monsoon over the monsoon region in China,
while the phase of AMO index is reversed to provide negative
anomalies of summer rainfall (Gao et al. 2017). The ENSO
and AMO have an important influence on the East Asian
summer monsoon (EASM) (Feng et al. 2011a; Gao et al.
2017). The EASM caused decreasing rainfall occurrence in
central and southern North China, but increasing frequent oc-
currences of precipitation extremes over the lower and middle
of the Yangtze River (Ding et al. 2008). However, Shi et al.
(2018) suggested that the variability of precipitation indices
were not significantly related to the circulation patterns in the
vast majority of China. Apart from circulation patterns, land
use may also have an impact on changes in extreme daily
precipitation (Bornstein and Lin 2000; Jiang and Liu 2007
Pei et al. 2018). However, the detailed physical mechanisms
need further study.

4.3 Influences of temperature and precipitation
extremes on future agricultural production

Climate plays a key role in the development of agriculture.
Assessment of the spatiotemporal variation of temperature
and precipitation extremes are beneficial to further under-
standing the effects of climatic extremes on future agricultural
production across the whole China. Our results indicated that
precipitation totals in TCZ and TMZ have decreased by —
10.97 and — 17.52 mm/decade during 19561985, respective-
ly, which may aggravate the regional water scarcity and lead
to severe adverse influences on food productivity, particularly
in the dryland area of these two regions. Increasing trends of
precipitation in TCZ and TMZ were found after 1985, which
may alleviate the pressure of agricultural water use to some
extent. In our study, a continuous warming tendency was
found across all climatic zones of China over the past six
decades, especially during the recent 30-year period.
Increasing temperature and extreme heat may evaporate more
soil water and inhibit crop growth. For instance, increasing
temperature will alter the evapotranspiration in arid and
semi-arid regions, which will further intensify the water scar-
city in these areas (Fan et al. 2016). The warming climate may
suppress the increase of crop yield in northern, northwestern,
and southwestern China due to the aggravation of water short-
age (Li et al. 2019). Farmers are suggested to choose crops
with better resilience to drought in this situation. However, the
warming trend in northeastern China is generally advanta-
geous to agricultural production because of the shortened frost

days, extended summer days, and longer growing season
length (Yu and Li 2015). It is thus recommended to replace
the early-medium crop ripeness with the medium-late ripe-
ness variety (Zhao 2010). In the areas with high risk of flood
generation such as SMZ, it is necessary to adopt
waterlogging-tolerant crop varieties to better meet the chal-
lenge of increasing total precipitation together with an in-
creased frequency of heavy rainfall events in this region.
The impact of climate change on agriculture production would
be complex and ambiguous. Thus, further research is required
to explore the detailed effects of temperature and precipitation
extremes on crop growth and yield in the context of ongoing
climate warming in contrasting climate zones of China.

5 Conclusions

Understanding the spatiotemporal trends of extreme temperature
and precipitation events in the context of continued global
warming is of significance for agricultural production and water
resources management. Based on 200 representative weather
stations in contrasting climate zones of China over the span of
19562015, spatiotemporal trends and rates of temperature and
precipitation extremes were studied using the Mann—Kendall
test, Sen’s slope estimator, and the Pettitt test. The results
showed that temperature extremes exhibited large correlations
with annual mean air temperature and all extreme temperature
indexes had consistently warming trends in the whole China.
The most remarkable change of temperature extremes was de-
tected in MPZ and the smallest change magnitude occurred in
SMZ. Acceleration in warming was especially identified after
1985. Nationally, changes in precipitation extremes during
19562015 showed lower significance, and only the trend of
SDII was significant. Apart from consecutive wet days (CWD),
the other extreme precipitation indexes indicated a
wetting trend. In general, precipitation totals increased in MPZ
and the western part of TCZ, which may alleviate the pressure of
water-shortage in these arid and semi-arid regions. Nevertheless,
the upward trend in SMZ, especially in the southeastern coastal
areas of China, may aggravate the risk of floods in these regions.
Regionally averaged extreme precipitation indexes showed de-
creasing trends in TMZ during 19561985, but upward trends
were found after 1985. The results can provide a guideline for
food production and eco-environment management strategy
across contrasting climate zones of China.
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