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ABSTRACT

Based on combined thresholds of daily maximum and minimum temperatures, a compound heat wave is defined,
and then changes in multiple aspects of such heat waves in China are estimated between 1961 and 2015. Our results
intriguingly indicate that severe compound heat waves in northern China are characterized by excessively high in-
tensity within short duration, while long duration determines great disaster-causing potential of severe events in the
south. In the past few decades, large areas of China have experienced longer, stronger, and more frequent compound
heat waves. Northern China has witnessed dramatic intensity increases, with a maximum amplification over 5°C dec-
ade™!; while remarkable lengthening in duration has been mostly recorded in the south, with a maximum trend over 1
day decade™!. The spatial extent affected by compound heat waves has significantly expanded since the 1960s, with
the largest expanding rate over 6% decade™ detected in North China and Northeast China. These systematic assess-
ments serve to deepen our understanding of observed changes in compound heat waves across China, and may fur-
ther shed some light on future adaptations and mitigations against an increasingly warming climate.
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1. Introduction

During summer, heat wave-induced morbidity and
mortality among temperature-sensitive groups, like in-
fants, the elderly, and cardiovascular patients, are alarm-
ingly high. Such high impacts of heat waves have been
reinforced by numerous literatures during the past few
decades (Basu and Samet, 2002), and was punctuated by
a record-breaking case in 2003, which hit vast areas of
Europe and led to approximately 40000 deaths (Garcia-
Herrera et al., 2010). Furthermore, heat stress accumu-
lated during heat waves could result in massive electri-
city shortages, higher risks of forest fire, and lower pro-
ductivity of crops (Garcia-Herrera et al., 2010). In gene-
ral, heat waves (HWs) are commonly recognized as a

spell of consecutive warm days, but concrete definitions
differ among various sectors (Perkins et al., 2012). On a
warming globe, increasing occurrences of warm days in
many regions have elevated risks of heat waves (Stocker
et al., 2013). In fact, most parts of the world have not
only witnessed increased frequency, but also experi-
enced higher intensity and longer duration of heat waves,
especially after 2000 (Kuglitsch et al., 2010; Perkins et
al., 2012; Smith et al., 2013). Increased frequency was
largely ascribed to increased mean summertime temper-
ature (Della-Marta et al., 2007), while amplified intens-
ity resulted more from enhanced temperature variability
(Fischer and Schér, 2010). Some climate model projec-
tions imply that these increases in mean and variability of
summertime temperature will continue or even accele-
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rate, so more HWs with unprecedented duration and in-
tensity will possibly happen by the end of the 21st cen-
tury (Meehl and Tebaldi, 2004; Guo et al., 2017).

While one-day extremes of warm days/nights were
widely investigated, comparably little work has been
done to assess HWs comprehensively (Stocker et al.,
2013), notably in China. In China, a finite number of
studies concerned on definitions and changes of heat
waves, in which consideration of HWs was mostly con-
fined to high daytime heat (Jiang et al., 2012). However,
long-lasting extreme weathers tend to trigger severer dis-
asters, so indices measuring duration and intensity are
also warranted (Zhang et al., 2011). It is now well-ac-
knowledged that heat waves have significantly increased
in China since the latter part of the 20th century (Ding et
al., 2010; Ding and Qian, 2011; Wei and Chen, 2011;
Wang et al., 2012). The frequency of hot weather events
in Shanghai was much larger in the first decade of the 21st
century than at any time since 1873 (Chen et al., 2013;
Xia et al., 2016). In contrast, the scientific communities
and governments in the US, Europe, and Australia are
more concerned about compound heat waves composed
of both warm days and nights, which may severely dis-
turb human body thermoregulation and energy supply
(Patz et al., 2005). Furthermore, in existing studies in
China, changes in HW frequency seemed to be the
primary concern, while other equally important indicat-
ors, such as duration, spatial coverage, and intensity,
were substantially under-emphasized (Ding et al., 2010;
Guo et al., 2017). In this context, a systematic estimation
of compound HWs in China is still desirable. Our study
therefore aims to narrow above-mentioned gaps of heat
wave studies in China. Specifically, quantitative assess-
ments would be performed with respect to changes of
various aspects of compound HWs, including their fre-
quency, number of days involved, duration, intensity, and
spatial extent.

2. Data and methods

2.1 Data

Summertime (June—August) daily maximum tempera-
ture (7, and daily minimum temperature (7i,,)
between 1961 and 2015 are selected from a dataset cov-
ering 756 stations across China. This dataset is obtained
from the National Meteorological Information Center
(NMIC), China Meteorological Administration (CMA).
Before being released, it has gone through fastidious
quality control by the NMIC, with some missing obser-
vations completed, suspect/wrong values rectified, and
temporal-spatial inconsistencies due to new instrumenta-
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tions and site relocations reconciled (documentation
available online at http://data.cma.cn/site/index.html).
Having been validated in many studies (Chen and Zhai,
2013; Li et al., 2013; Ren and Zhou, 2014), this dataset is
recognized as one of the best currently available for cli-
mate research in China. Apart from the above quality
controls, we have performed some additional pretreat-
ments to ensure that: 1) missing data for 7}, and T,
account for less than 5% of total records in each year
between 1961 and 2015; 2) any horizontal relocation of
stations throughout the entire period is within a 20 km-
radius; and 3) elevation relocation is less than 50 m ver-
tically.

These procedures aim to guarantee the continuity and
greatest homogeneity. This dataset covers almost all na-
tional reference climate stations (first-class stations) and
national basic meteorological stations (second-class sta-
tions). The variables observed at each station represent
the meteorological elements within a 20-km radius, so a
relocation threshold of 20 km is routinely applied to min-
imize inhomogeneity from site displacements (Ren and
Zhou, 2014). Particularly, site relocation doesn’t mean
significant changes in surface cover types, since environ-
ment (e.g., buildings and trees) in the vicinity of observa-
tional fields is universally stipulated by the CMA. A total
of 376 stations are finally retained for subsequent ana-
lyses (see their distribution in Fig. 1), and these stations
turn out well-distributed in eastern China, but sparsely
scattered in western China.

2.2 Methods

Many studies defined heat waves based merely on
Tmax (Ding et al., 2010; Wang et al., 2012). In fact, con-
secutive hot days without relief from nighttime cooling
are more devastating to human health (Karl and Knight,
1997; Meehl and Tebaldi, 2004). It is therefore neces-
sary to define a heat wave with both the daytime high
and overnight low being taken into account (Robinson,
2001). In this study, a heat wave is defined as a spell of
three or more consecutive hot days and nights. Such a
kind of heat wave is referred to as a “compound heat
wave” hereafter. Three-day is adopted as a minimum
duration to guarantee necessary persistency. Particularly,
two independent heat waves are required to be sand-
wiched by at least two consecutive non-extreme day
(Thax < 90th percentile or Ty, < 90th percentile). A hot
day/night is defined as one with a T/, above 90th
percentiles of their respective long-term counterparts
(1961-2015). Following the method introduced by Della-
Marta et al. (2007), daily 90th percentile of T,/ T, for
each day during June—August is calculated from corres-
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Fig. 1. Spatial distribution of 376 stations (marked by black triangles) under quality control procedure. Different regions are divided by red

curves and labeled with blue letters: A for Northeast China, B for Huang-Huai, C for Yangtze River Valley, D for South China, E for Southwest

China, F for North China, and G for Xinjiang.

ponding units of data samples, each of which contains 15
days (composed of the specific day and respective 7 days
before and after it) in a given year; then these sample
units for the days between 1961 and 2015 are assembled
(i.e., total samples 15 x 55 =825 days). A less critical thresh-
old (90th percentile) for hot day/night is rationally adop-
ted (Della-Marta et al., 2007), because an at-least 3-day
duration and extreme T, /Tn, are required simultan-
eously. Identifications with higher percentiles (95th or
99th) substantially reduce the number of HWs, leading to
many HW-undetected years (figure omitted). Few HW
samples would impair the reliability of the following lin-
ear trend estimations. In existing studies, 90th percentile
algorithm was also widely used to represent the rareness
of temperature extremes (Fischer and Schér, 2010).
Figure 2 shows some illustrative examples depicting
differences in identification based on daily percentiles
and traditional seasonal percentiles. Daily 90th percent-
iles exhibit a pronounced intraseasonal variation, with
lower thresholds in early and late summer, which is con-
sistent with temporal evolution of observed Ti,/Tmin-
Under a fixed seasonal percentile, early-summer (before
20 June) HWs are likely to be ignored (as shown in Figs.
2a, b), a problem prevailing over 90% of all stations.
However, despite lower intensity, these early-summer
HWs can be more health-damaging than mid-summer
ones (Kalkstein and Smoyer, 1993). Early-summer HWs
can trigger a greater death toll among susceptible popula-
tions who are overwhelmed by sudden scorching weather
at so early stages (Kalkstein et al., 2008). By contrast, in
mid to later summer, vulnerable groups may have be-
come more adapted physiologically and behaviorally

after long-time exposure to high ambient temperatures
(Basu and Samet, 2002). During mid summer, similar
HWs (Fig. 2b) can be identified by daily percentiles and
seasonal thresholds at some stations. However, in many
cases, the identified peak-summer HWs by seasonal per-
centiles fail to meet the daily percentile criteria, which
tend to be more critical, as shown in Fig. 2c. In other
words, in terms of intensity, daily percentiles may yield
severer mid-summer HWs. The percentile-based thresh-
old also enables HW changes comparable among re-
gions of different prevailing climates (Robinson, 2001).
Thus, the events identified by daily percentiles represent
extremely hot anomalies, relative to normal conditions,
from both temporal and spatial perspectives.

The definition doesn’t entail an absolute threshold
either (30°C or 35°C), as recommended by the CMA. In
a warming climate, temperatures in some regions fre-
quently exceeded these prescribed thresholds with no dis-
astrous consequences to health or agriculture, thanks to
technological (e.g., air conditioning and irrigation) or
physiological precautions made in response to high tem-
perature alerts. Based on varying daily percentiles, our
HW definition, not only represents extremity statistically,
but also emphasizes potential adverse impacts of these
extremes (e.g., agricultural disasters, power outages, and
water supply shortages) in the context of increasingly
warming climate.

Four indices are designed to quantify heat waves: 1)
heat wave number (HWN), that is, the occurrence times
of heat wave events; 2) heat wave days (HWF), namely,
the total number of days involved in all heat wave
events; 3) heat wave duration (HWD), that is, the length
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Fig. 2. Examples of heat wave identification by daily and seasonal thresholds. Solid blue (green) lines and dashed blue (green) lines represent

seasonal (daily) 90th percentiles of T}, and T}, respectively; solid red lines and dashed red lines stand for 7,,,, and 7,,;, series; heat wave days

identified by daily and seasonal 90th percentiles have been respectively labeled with “*” and “+”.

waves. For example, if there are 2 heat waves in a year,
with one lasting for 3 days and the other for 5 days, then
the annual HWN, HWF, and mean HWD are 2, 8, and 4
days, respectively. A great HWI, according to Eq. (1),
may result from long duration and/or large exceedances
above thresholds (Kuglitsch et al., 2010).

of each heat wave; and 4) heat wave intensity (HWI),
i.e., the amplitude of a heat wave calculated as accumu-
lated exceedances of both T,,,, and T,;, above certain
thresholds during its duration, as follows,

Duration
HW1= ; (Tmax(#) = Tmax-threshold (z)) (1) In addition to the above four indicators, an index
. measuring spatial extent of compound HWs is also con-

+ (Timin(t) — Tmin-threshold(z)) .

HWN considers the heat wave as a whole, while HWF
tallies all extreme warm days/nights up during heat

structed. To avoid possible uncertainties and inac-
curacies brought in by interpolation, a method called
“frozen grid” based on raw station observations, rather
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than gridded data, is employed (Jones, 1986). Firstly,
mainland China is divided into 2.5° longitude by 2.5° lat-
itude boxes. Assuming there are totally ns(7) stations loc-
ated within box-i, and among ns(i) stations, nh(i, 7) sta-
tions record at least one heat wave during summer in
year-f, the spatial coverage of HWs in year-t (for the
whole country or a specific region) should be:

number

, nh(i,?)
Spatial coverage(t) = Z N
—' ns(i)

x 2.5 x 110 x 110 x cos(latitude),

x 2.5
(2)

in which “110” denotes the approximate distance per unit
longitude/latitude, and “number” represents the total
number of boxes in the target region. Considering vari-
ation of box area with latitude, the spatial extent is also
weighted by central latitude of each box. If simply rep-
resented by the number of affected stations, the spatial
coverage in regions with sparse stations (e.g., Xinjiang
and North China) would be much smaller than that in
East China (an area boasting dense observational net-
works). Via the “frozen grid” scheme, the spatial cover-
age of compound HWs in different regions could be im-
partially compared by the percentages of stations record-
ing HWs in boxes. The frozen grid method serves to min-
imize the influences of uneven station distribution on
spatial extent evaluation (Chen and Zhai, 2013). Our
sensitive tests indicate that selection of 2°, 2.5°, and 3°
for the box scale significantly affects neither the estim-
ated spatial coverage nor the following trend analyses.
Considering varying box numbers among the sub-re-
gions (see Section 3), in addition to absolute changes
(km? decade ™), the estimated spatial coverage of HWs is
also normalized (divided) by respective total areas to
yield percentages (% decade™) for convenience of fur-
ther comparisons.

To evaluate linear trends of different parameters,
Kendall’s tau slope estimator (Sen, 1968) is employed.
This nonparametric method is sufficiently insensitive to
potential outliers, and it does not assume any distribu-
tional forms of the original data. Significance of linear
trends at the 0.05 level is also estimated via the Kendall’s
tau test. The probability density function (PDF) is evalu-
ated with kernel density estimation scheme, which is also
detached from any prescribed assumption of distribu-
tional forms of the original data.

3. Results

3.1 Basic features of HWs

During the past 55 years, compound HWs occurred
most frequently in the Yangtze River Valley (YRV) and
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South China (Fig. 3a), with a maximum accumulated oc-
currence of 80 recorded in Yin-Xian station in the YRV.
Northern China also witnessed frequent HWs, with total
occurrences of 30—40. During mid summer (21 June-10
August), daily 90th percentiles of T,,,, in central-eastern
China, South China, and Northwest China usually ex-
ceed 35°C (Figs. 3b, 2a, 2c). Coincidently, daily 90th
percentiles of T,,;, in these regions are higher than 20°C
or even 25°C, meeting the “tropical nights” criterion
(Tin = 20°C, Fischer and Schir, 2010). Consistent with
intraseasonal variations revealed in Fig. 2, daily percent-
iles in early summer (Fig. 3c) and late summer (Fig. 3d)
are not as high as those in peak summer. During early
summer, the configuration between extremely high day-
time and nighttime percentiles mainly exist over north-
ern parts of eastern China and Xinjiang area, while dur-
ing late summer combined high percentiles mainly pre-
vail in the south of the Huai River. Identified HWs based
on such combined thresholds (7, = 35°C and T, =
20°C) reportedly account for excessive mortality (Grize
et al., 2005). Remarkably, the adoption of daily percent-
iles explicitly accentuates regions with high risks of
severe compound HWs during different summer stages.

Monthly distribution of HWs can also be obtained by
utilizing daily percentiles (figure omitted). During June,
HWs mainly hit the middle reach of the Yangtze River
and coastal regions of South China. By contrast, July of-
ten witnesses HWs in the lower reaches of the Yangtze
River, and northern and southern China. Long-lasting
(over 5 days) HWs mainly concentrate during July, not-
ably in mid-lower reaches of the Yangtze River. During
August, the number of long-lasting HWs drops substan-
tially, and high-frequency regions are distributed more
dispersedly along the Yangtze River and southern coastal
regions.

3.2 Linear trend estimations

Significant increases of nationwide HWN, HWF,
HWD, and HWI (0.10 = 0.04 decade ', 0.56 £ 0.20 days
decade !, 0.10 + 0.06 days decade !, and 0.75 + 0.52°C
decade™) are observed, which indicates more occur-
rences, longer duration, and greater intensity of HWs
across China during the past few decades. Specifically,
significant increases of HWN are mainly detected in
northern (north of 35°N) and southern China (south of
30°N), sandwiched by a band of insignificant weak neg-
ative trends (Fig. 4a). The stations with a positive HWN
trend of 0.4 decade™' or greater are mainly located in the
YRV and South China. The HWN has doubled in large
swaths of China over the last decade, compared to that
during the 1960s. The HWN in Southwest China has in-
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creased dramatically, from 0.60 per year in the 1960s to
1.53 per year in the last decade (figure omitted). Increas-
ingly frequent HWs may partly account for severer

droughts across Southwest China since 1995 (Wang et
al., 2016). More heat wave days (i.e., higher HWF val-
ues) are also observed in most parts of China, which con-
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stitutes a spatial pattern similar to that of HWN (Fig. 4b).
The most significant increases in HWF are observed in
the YRV and South China, with the largest linear trends
above 3 days decade !. Compared to the 1960s, HWF in
the YRV, Northeast China, and Southwest China has
nearly tripled after 2000 (figure omitted). The mean dur-
WF |
n

—_— 5 1
. L . HWN
which both indices have increased over most stations as

discussed above. The lengthened duration in Fig. 4c sug-
gests greater magnitude of growth in HWF than in HWN,
and also implies an amalgamating trend between increas-
ing warm days and nights. Mean HWI increases of 3°C
decade™ or above are mainly detected in northern China
(Fig. 4d). Also greatly amplified (above 4°C decade™) is
the mean intensity of HWs in the Yangtze River Delta
dotted with several fast-developing metropolises, such as
Shanghai. Trends for HWI in this densely-populated area
are 2-3 times larger than those in the neighboring re-
gions, implying possible anthropogenic contributions to
heat wave intensification there. Representing accumu-
lated exceedances above certain thresholds during HWs,
HWTI is determined by both duration and intensity of 7,
and T,,;,. The magnitudes of duration increases in north-
ern and southern China are similar (Fig. 4c), so much
sharper increases of HWI in northern China arise more
from greater growth in daily maximum and minimum
temperatures at higher latitudes (Serreze et al., 2000).
Frequent HWs with greater HWI have accelerated deser-
tification and grassland degradation in Northern China,
posing a great threat to local ecosystem and economy
(Xue, 1996).

Remarkably, in contrast to significant positive trends
in above regions, insignificant negative and weak trends
of all HW indices are observed in regions between the
Yellow River and the Yangtze River, which mainly res-
ult from significant decreases in hot days (Fig. 5a). Also
revealed by Ding et al. (2010) and Ye et al. (2013), such

ation of HWs in each year can be deduced via
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drastic reductions in hot days have led to significant de-
creases in 7T,,,.-based heat waves in this area. Apparent
differences in magnitude, significance, and even signs
(positive/negative) of linear trends for compound HWs
and T,,,,-based HWs further justify the necessity of sep-
arately assessing diverse heat wave types. A pan-China
pattern of significant increases of hot nights (Fig. 5b) in-
dicates a more sensitive response of nighttime low to cli-
mate warming, which may arise from natural variability
and/or anthropogenic influences.

As shown in Fig. 4, trends for heat wave indices dis-
play distinctive regional peculiarities, matching well with
climate zones classified by summer temperature (Zou et
al., 2005; Liu and Zhai, 2014). Based on a comprehen-
sive consideration of regional features of HW indices and
climate zones, China is then divided into seven sub-re-
gions as shown in Fig. 1. All the indices are then evalu-
ated at regional scales as presented in Table 1. In general,
greater increases of HWN, HWF, and mean HWD are
found in South China, Southwest China, and the YRV.
The largest increases of both HWN and HWF are ob-
served in the YRV with respective linear trends of 0.24 +
0.10 decade! and 1.13 + 0.52 days decade™'. The most
obvious lengthening in duration is registered in Southw-
est China with a linear trend of 0.49 + 0.18 days
decade!. Larger increases in HWI are detected in north-
ern China. In the Huang—Huai region, changes for all
four indices are weak and insignificant.

The spatial extent of HW has increased nationwide at
a linear trend of (41.16 + 12.66) x 10* km? decade™'.
From another perspective, such an increasing trend can
be translated into that compound HWs swept larger por-
tions (4.43% + 1.36% decade') of mainland China,
where few events of this type were registered in the past.
Such a heat wave expansion is also manifested in each
sub-region, as shown in Table 1. The maximum expan-
sion of spatial coverage is detected in Northeast China

SON - (b) Hot nights ."
.
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Fig. 5. Linear trends for occurrences of (a) hot days (days decade™) and (b) hot nights (days decade™). The filled circles indicate trends signifi-

cant at the 0.05 level.
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Table 1. Linear trends for domain-averaged HWN (decade™'), HWF (days decade '), mean HWD (days decade '), mean HWI (°C decade™),
and spatial extent (10* km* decade™, % decade™ for the values in bracket) for the 7 sub-regions during 19612015

YRV South China Xinjiang North China  Northeast China ~ Huang-Huai  Southwest China
HWN 0.24 +0.10 0.19 +0.06 0.16 +0.07 0.12 +0.08 0.14 +0.08 -0.01 £0.92 0.19 +0.06
HWF 1.13+£0.52 0.93 £0.29 0.74 £ 0.29 0.58 +0.34 0.56 = 0.30 —-0.06 £ 0.37 0.89 +0.26
HWD 0.32+0.23 0.21+0.13 0.42 +0.19 0.18 £0.21 0.28 +0.22 -0.06 +0.24 0.49 +0.18
HWI 1.24 £0.69 0.80 £ 0.35 2.01 +0.81 1.28 £1.01 1.81 +1.18 0.43+0.88 1.78 £ 0.69
Extent 3.71 £2.52 4.79 +1.89 3.99 + 1.69 9.12 +4.29 4.48 +1.15 3.71 £2.95 3.99 +1.57
(5.92 £4.02) (3.44 £1.35) (4.44 £ 1.88) (6.40 = 3.01) (6.73 £1.73) (3.38£2.69)  (3.96 £ 1.56)

Note: Trends in bold indicate a significance level of 0.05. The error estimates are at 95% confidence intervals based on the standard error of the
Kendall’s tau estimator. The linear trends of the “Extent Index” are further normalized (divided) by respective total areas of each sub-region, as

listed in the second row of “Extent”.

and North China, with about extra 6% intact territory in
these regions scorched by compound HWs per decade
after 1961. Of particular note is that despite no signific-
ant increases or even slight decreases in occurrences of
compound HWs in the Huang—Huai region, spatial cov-
erage exhibits a significant positive trend there. This im-
plies that compound HWs tend to appear more evenly
across the Huang—Huai region, rather than to repeatedly
occur at some specific stations. Multi-model projections
of HW coverage imply that the regions suffering com-
pound HWs would further expand (Guo et al., 2017).

3.3 Severe HWs

Severe heat waves, characterized by long duration
and/or high intensity, would result in serious casualty and
economic damage. D’Ippoliti et al. (2010) concluded that
in some European cities, the mortality was up to 3 times
greater during severe HWs than moderate HWs. To fur-
ther assess severe HWs, linear trends for the annual
longest duration and maximum intensity of HWs are ex-
plored (as displayed in Fig. 6). Sharpest lengthening of
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the longest duration has occurred in the YRV and South
China, while the largest increase of maximum intensity
(above 3°C decade™) is observed in North China. The
Tmax and T, in most days during strongest HWs exceed
their 95th or even 99th percentile, although they are ori-
ginally identified based on their respective 90th percent-
ile. Within each sub-region, the events with the longest
duration and maximum intensity are selected among all
stations to intuitively demonstrate the severity of these
high-impact HWs (Fig. 7). The lengthening trend of the
longest duration and increases of the maximum intensity
are clearly revealed in Fig. 7 and validated in Table 2.
Figure 7 shows a general consistency between durations
of the strongest HWs (dashed lines) and the longest-last-
ing events (red bars), which highlights long duration’s
role in extraordinary heat stress accumulation. In the
YRV and southern China, the longest duration usually
exceeds a week. A typical case is that a 22-day com-
pound HW affected South China in 1998. In such long-
lasting heat waves, duration plays a more critical role
than intensity in elevating mortality. Mortality grows
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Fig. 6. Linear trends for (a) longest duration (days decade™), (b) maximum intensity (°C decade™') at each station. The filled circles indicate

trends significant at the 0.05 level.

Table 2. Linear trends for longest duration (days decade™'), and maximum intensity (°C decade™) for the 7 in sub-regions during 1961-2015

YRV South China Xinjiang North China  Northeast China Huang—Huai Southwest China
Longest duration 1.11 £ 0.80 1.47 £ 0.50 0.93 +0.28 0.89 +0.43 0.63 +0.36 —0.04 £ 0.46 1.17 £0.31
Maximum intensity 6.10 +3.32 4.71+£1.33 4.99 +2.07 5.25+3.22 4.81 £2.44 1.80£2.32 4.77 £1.59

Note: Trends in bold indicate a significance level of 0.05. The error estimates are at 95% confidence intervals based on the standard error of the

Kendall’s tau estimator.



JUNE 2017

mm |_ongest duration
w1\ intensity
+— —eDuration of the most intense event

(a) Yangtze River Valley

Intensity (°C)

Duration (day)

Intensity (°C)

Duration (day)

Intensity (°C)

Duration (day)

Intensity (“C)

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016
Year

Li, Y., Y. H. Ding, and W. J. Li

463

25 60
1(b) South China
20 4

Duration (day)
Intensity (°C)

Duration (day)
Intensity (°C)

Duration (day)
Intensity (°C)

-0
1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

Year

Fig. 7. Severe heat waves with longest duration (red bars and left y-axis) and maximum intensity (blue bars, right y-axis) in each sub-region.
The durations for strongest events (left y-axis) are also illustrated by dased lines with diamonds.

non-linearly (but rather, exponentially) with duration in
long-lasting HWs (Hajat et al., 2006), with an estimate of
2.5%—4% extra deaths per day beyond the first 3 HW
days (Anderson and Bell, 2011). By contrast, the events
with duration longer than 7 days are rarely reported in
northern China, especially before 1996. In spite of the
shorter duration, severe HWs in North and Northeast
China are characterized by an intensity equivalent to or
even greater than that of most longer-lasting HWs in the
South. For example, the intensity of an 8-day event in
Northeast China in 2010 (Fig. 7e) exceeded 70°C, which
is greater than the intensity accumulated over 20 days in
the YRV and South China. Great heat stress accumu-
lated during a concentrated spell would swiftly damage
agriculture, human thermoregulation, and local power
supply. As for the events with short duration and ex-
tremely high intensity, the intensity is the ringleader of
high mortality. A small rise in intensity was reportedly
responsible for considerable increases in mortality in the

UK and US, with an estimate of 2.47% to 4.23% of un-
natural death for every extra degree above the threshold
(Anderson and Bell, 2011).

What is worth noticing is that linear trends of longest
duration and maximum intensity are much larger than
those for mean duration and intensity (Table 1 versus Ta-
ble 2). In other words, severe events have been getting
even substantially severer. Consistent with variations in
mean intensity and duration, increasing rate of longest
duration is larger in southern China, while amplification
of maximum intensity is greater in northern China. Par-
ticularly, the Yangtze River Valley, though located in
southern China, has experienced greatest amplification of
maximum intensity. Such an exception may be attributed
to rapid urbanization and anthropogenic emissions in this
region (Du et al., 2016).

Changes in the mean and variability of temperature
may account for variations of HW indices (Fischer and
Schir, 2010). As presented in Fig. 7, the intensity and
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duration of severe HWs show marked decadal shifts,
with greater duration and intensity most frequent over the
last two decades. Thus, decadal variations in the mean
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and variability of temperature are examined via compar-
ing probability density function (PDF) curves (Fig. 8).
Increases in both mean 7, and T},,;, are characterized by
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Fig. 8. Decadal changes in Probability Density Function (PDF) of T, (left panels) and T, (right panels) in the seven most-affected sub-
regions whose names are indicated in the upper left of each panel.
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positive shifts of PDF curves in most sub-regions, ex-
cluding the Huang—Huai region. The most obvious shift,
as recorded in Southwest China, brought more hot days
and nights, which has narrowed temporal gaps between
isolated warm events and further lengthened HWs. This
may explain why the largest increase of duration is ob-
served in Southwest China. Generally, the shape of PDF
curves in northern China is wider and flatter, indicating
greater temperature variability there, notably during the
last two decades. Such a variation entails more frequent
appearance of excessively high T,,,./Tmi,- These ana-
lyses imply that the recent frequent severe HWs with
higher intensity in northern China are jointly contributed
by increased variability and mean T,/ T i, With the lat-
ter dominant in inducing increasing occurrences of
severe HWs with longer duration and greater intensity in
southern China over the past two decades.

4. Discussion and conclusions

4.1 Limitations

Some conclusions so far still need cautious interpret-
ing, although a proper slope estimator (Kendall’s tau)
and rigorous significance tests have been applied in this
study. Main estimations have been made favorably via
linear trend analyses, but this approach may get stuck
with HW indices possessing strong decadal oscillations,
which possibly exist at stations with insignificant weak
trends (Della-Marta et al., 2007). Moreover, linear trend
analyses are also sensitive to the periods selected, the di-
versity of which may account for the differences between
estimated trends in different studies. In addition to the
uncertainties above, there are punchy evidence suggest-
ing that accelerating urbanization may lead to severer
HWs and hence higher mortality (Bian et al., 2015). Par-
ticularly, city expansions may raise risks of compound
HWs downtown by favoring warm nights and dampened
winds (Lemonsu et al., 2015). Municipal interventions
and precautions should mitigate such elevated risks
(Vanos et al., 2015). It is also imperative to further parti-
tion the impacts of anthropogenic activities and natural
variability on heat waves (Sun et al., 2014).

The simultaneous consideration of 7,,, and T,,;, was
intended to link HWs with heat-related mortality.
However, few long-term mortality data are currently
available for analyses in China. Very short records (usu-
ally after 2005) in limited big cities, such as Shanghai
and Guangzhou, were used in previous studies (e.g., Gao
et al., 2015). Long-term heat-related mortality data in
other cities/stations need to be collected to support fol-
low-up studies (Chen et al., 2015). At 19 stations located
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in mountains or plateaus in this study, though exceeding
90th percentile, the Ty, /T, may still be lower than
25°C/15°C, especially during early summer. At these sta-
tions, early-summer events should be more exactly re-
ferred to as “hot spells” instead of heat waves.

The PDF curves presented in Section 3.3 have qualit-
atively depicted decadal variation of the mean and vari-
ability of 7,,,/Tmin- The quantitative estimation only dis-
covered insignificant changes of kurtosis coefficients for
the curves in all the sub-regions. Schir et al. (2004) re-
vealed a nonlinear correlation between increases in tem-
perature variability and HW intensity in Europe. Such a
correlation has also been found in other regions, where
very trivial and insignificant changes of kurtosis corres-
ponded to substantial increases of HW intensity (Simolo
etal., 2011).

The HW responses to global warming vary regionally.
For instance, inland China’s increases in HWF are simi-
lar to those in eastern America (0.5-2 days decade !,
Smith et al., 2013), while the rises in duration across
eastern Mediterranean region (2 days decade™’, Kuglitsch
et al., 2010) are much larger than those in our study. Cli-
mate model projections of compound HWs are needed to
tell whether these changes of HWs will continue. A
deeper understanding of HW trends may and their future
behaviors could provide scientific supports for precau-
tions against heat-related disasters.

4.2 Conclusions

Our study focuses on features and trends of com-
pound HWs across China during 1961-2015. Compound
HWs are defined by a combined threshold of daily max-
imum temperature (7,,,,) and minimum temperature
(Tmin), With both meteorological extremity and health im-
pacts being taken into consideration. Few studies have
been conducted with respect to such kind of heat waves
in China.

Compound HWSs are quantified by four indices,
namely, HWN (number), HWF (days), HWD (duration),
and HWI (intensity), whose significant increases are ob-
served in most parts of China, except for the Huang—
Huai region. The sharpest lengthening in HWD is recor-
ded in southern China, with a maximum trend of 0.49 +
0.18 days decade™' in Southwest China. The intensity of
the identified HWs rose dramatically in northern China,
coastal regions along South China, and the YRV. The
HWs in northern China, compared to those in southern
China, are characterized by larger increases in intensity
but smaller lengthening in duration. Spatial extent of
HWs has expanded across China since 1961, especially
in northern China. Similar increasing trends can also be
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found when severe HWs with longest duration and/or
maximum intensity are investigated. In terms of inten-
sity, severe HWs in northern China could be, despite a
much shorter duration, comparable to or even stronger
than their counterpart in the south.

This study has provided a systematic evaluation of
trends for compound heat waves in China, with an at-
tempt to narrow the gap of understanding about such a
devastating heat wave type in China and in the rest of the
world.
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