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Abstract

The characteristics of heat wave (HW) events over the Indochina Peninsula are studied using the Climate Forecast System
Reanalysis data for 1979-2010. HWs in the dry and wet seasons of Indochina are considered separately, and their typical
synoptic behavior is examined in detail. Our results show that HWs in both seasons are accompanied by suppressed pre-
cipitation, and the region lies under an anomalously dry, hot, and subsiding atmospheric column. Further diagnoses reveal
that HWs in the dry and wet seasons are linked to the weakening of the East Asian winter monsoon (EAWM) and the South
Asian summer monsoon (SASM) circulations, respectively. On the one hand, HWs in the dry season are coincident with
high-temperature anomalies over East Asia and accompanied by an anomalous cyclone over eastern China. The anomalous
southwesterly flow over East Asia indicates a weakening of the climatological northeasterly circulation associated with the
EAWM. On the other hand, HWs in the wet season are coincident with hot and dry anomalies in South Asia (i.e., Indian sub-
continent). The anomalous easterly flow in that region opposes the climatological westerly regime of the SASM. Moreover,
we found that the statistics for the frequency, duration, and amplitude of HWs for both seasons exhibit prominent intensify-
ing trends, and the intensifying trends in the wet season are mostly about two to three times stronger than the dry season.
These intensifying HWs activities are likely attributable to the weakening trend of monsoon circulations in recent decades.

Keywords Heat waves - Indochina Peninsula - Synoptic characteristics - East Asian winter monsoon - South Asian summer
monsoon - Climate change

1 Introduction

Heat waves (HWs) have serious impacts on human health
and can even cause human deaths (IPCC 2012; Meehl and
Tebaldi 2004). For instance, the European HW event in
2003 caused more than 70, 000 deaths (Robine et al. 2008).
A study on the risk of HWs on mortality in 43 US cities
shows that mortality increases by 3.73% during HW days
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as compared with non-HW days (Anderson and Bell 2011).
Besides human health, HWs can also lead to other com-
plex social issues, such as increasing psychological stress
and violent crimes (Simister and Cooper 2005), as well as
incidence of power outages, wildfires, and damage to infra-
structures (Zuo et al. 2015).

With global warming, the frequency and intensity of HWs
have been projected to increase in the future and may pose
more severe threats to society (Christidis et al. 2015; Meehl
and Tebaldi 2004). The change of HWs is in accord with the
global warming trend and human activity has a significant
influence on the increasing severity of hot events (Christidis
et al. 2011; Coumou and Rahmstorf 2012).

In addition to the long-term change of HWs, previous
investigations have been devoted to studying their synoptic
features and physical causes. For instance, Loikith and Broc-
coli (2012) found that high-temperature extremes in most
regions of North America are accompanied by positive 500-
mb geopotential height anomalies, and positive downstream
and negative upstream perturbations in surface pressure. A
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persistent and quasi-stationary high-pressure synoptic sys-
tem in the mid-latitudes, known as atmospheric blocking, is
an important contributing factor for HWs (Dole et al. 2011;
Matsueda 2011; Sillmann and Croci-Maspoli 2009). Up
to 80% of hot extremes in northern Europe, for example,
are associated with the blocking (Pfahl and Wernli 2012).
The atmospheric blocking alters the path of mid-latitude
jets, prevents the propagation of synoptic weather systems,
and favors the warm temperature extremes due to adiaba-
tic warming and clear-sky radiative heating (Brunner et al.
2017, Pfahl and Wernli 2012; Pfahl et al. 2015). HWs in East
Asia are found to be associated with the westward exten-
sion of the western North Pacific subtropical high (Ding
et al. 2010; Luo and Lau 2017) and the displacement of the
East Asian jet stream (EAJS) (Wang et al. 2013, 2016). Hot
extremes are also linked to circulations such as the North
Atlantic Oscillation (Guirguis et al. 2011), El Nifio-South-
ern Oscillation (Hu et al. 2013; Kenyon and Hegerl 2008),
Indian Ocean Dipole (White et al. 2014), and Indian Ocean
basin mode (Hu et al. 2011; Huang et al. 2012). In addition
to the atmospheric effects, HWs can be amplified by nega-
tive anomalies in soil moisture (Garcia-Herrera et al. 2010;
Miralles et al. 2014). More advances in the measurement,
driving mechanisms, and the changes of HWs are summer-
zied by Perkins and Alexander (2013), Perkins (2015), Grot-
jahn et al. (2016), and You et al. (2017).

Previous studies have broadened our understanding
of the contributory factors and processes underlying the
development of HWs in various regions. However, there
are relatively fewer investigations on HWs in developing
tropical areas such as the Indochina Peninsula (also known
as Mainland Southeast Asia). The Indochina Peninsula is
situated between the Indian and Pacific Oceans (Fig. 1) and
is comprised of six developing countries, namely, Cambodia,
Laos, Malaysia, Myanmar, Thailand, and Vietnam. The eco-
nomic development of this region lags behind the developed
countries, and its basic infrastructures are more vulnerable
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to natural hazards, such as those brought about by climate
change and weather extremes (Marks 2011).

The climate over the Indochina Peninsula is influenced by
the monsoon subsystems in both East Asia and South Asia,
and the atmospheric signals accompanying HW episodes in
this region might be different from other regions. However,
the behaviors of HWs in Indochina have not been studied
extensively. It is, therefore, worthwhile to gain a comprehen-
sive understanding of contributing factors and mechanisms
of HWs in this region. Such investigation is also important
for designing early warning information systems for extreme
high temperatures.

This paper is organized as follows. Sect. 2 introduces the
dataset and describes the procedure for identifying HWs in
two distinct seasons of Indochina, namely, dry and wet sea-
sons.Section 3 describes the evolution process of the HW
development. Section 4 presents a comprehensive analysis
on the synoptic behavior and large-scale atmospheric influ-
ences during HW occurrences. The long-term changes in
various statistical measures of these HWs are then exam-
ined in Sect. 5. The principal findings are summarized and
discussed in Sect. 6.

2 Datasets and methodology
2.1 Datasets

The primary dataset used in this study is the Climate Fore-
cast System Reanalysis (CFSR) product generated by the
National Centers for Environmental Prediction (NCEP).
This product has a fine spatial resolution of 38 km, and its
applicability for studying the details of various regional
circulation systems has been demonstrated (Lau and Nath
2014). This reanalysis dataset covers the 1979-2010 period.
More information on the data input and procedures used for
generating the CFSR product are documented by Saha et al.
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Fig. 1 Climatological mean daily maximum temperature (7,,,) over the Indochina Peninsula in a all seasons, b dry season, and ¢ wet season of

max

1979-2010. Black thick contour indicates the study region in central Indochina Peninsula with the annual mean 7, higher than 30 °C
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(2010). The observed patterns presented in this study are
obtained from daily grids of maximum near-surface tem-
perature (7,,,), specific humidity, sea level pressure (SLP),
geopotential height, horizontal wind and pressure velocity.

In addition, the unified gauge-based analysis of global
daily precipitation produced by NOAA Climate Prediction
Center (CPC) is used to determine the monsoon onset and
withdrawal dates over the Indochina Peninsula. This rainfall
dataset is based on records at over 30,000 stations that were
collected from multiple sources (Xie et al. 2007). The daily
precipitation on a 0.5° latitude/longitude grid over the Indo-
china Peninsula is analyzed for the study period.

Daily anomalies are calculated by removing the climato-
logical seasonal cycle, as obtained by computing the multi-
year averages for individual calendar days and then perform-
ing a 31-day running mean, from the daily series for various
years. In the composite analysis, an average is first taken
over the duration of each HW event; then the average over
all the events in the dry or wet season is taken (by giving
equal weight to each event) to yield the composite values
of anomalies.

2.2 Description of the study region

We define our study region as the central part of the Indo-
china Peninsula with the climatological annual mean T,
higher than 30 °C (Fig. 1). The climate in the Indochina
Peninsula is characterized by two distinct seasons (separated
by monsoon onset and withdrawal dates, see Sect. 2.3), with
a dry season extending from November to April and a wet
season from May to October (Fig. 2). In the dry season,
low-level northeasterly winds prevail over the South China
Sea (SCS), which is situated to the east of the peninsula
(Fig. 3a). In the wet season, the circulation is dominated by
southwesterly flow over the Bay of Bengal (BOB), which is
associated with the South Asian summer monsoon (SASM).
These monsoon winds transport moisture eastward and bring
abundant rainfall to the peninsula (Fig. 3b).

As shown in Fig. 2, there is a remarkable temporal shift
between the seasonal evolutions of T, ,, and precipitation.
The temperature in the study region is lowest in the early
and middle winter season, i.e., from November to January;
whereas the highest temperature appears in late winter and
spring season, i.e., from February to May, with the highest
T, €xceeding 40 °C in many years. However, the rainy
season of the study region begins in May and ends in Octo-
ber. The climatological mean onset date of the wet season
(see definition in the following subsection) is May 10, while
the climatological end date is October 16. This shift in the
seasonal cycles of T,,,, and precipitation suggests that the
role of moist atmospheric processes in the formation and
development of HWs in the two seasons might be different.
Moreover, the prevalent atmospheric circulations in the dry
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Fig.2 The climatological seasonal cycle of daily a T,,,, and b pre-
cipitation averaged over the study region in Indochina during the
1979-2010 period (bold curves). Light curves indicate the seasonal
cycles of individual years within this period. The horizontal line in
the bottom panel shows the threshold of 5 mm/day, which is used to
determine the monsoon onset and withdrawal dates

and wet seasons are rather distinct, and are linked to the East
Asian summer monsoon (EAWM) and SASM, respectively.
In view of these relationships, it is likely that the synoptic
behavior and atmospheric controls of HWs in the dry and
wet seasons are also different. The potential distinctions in
synoptic features and ambient atmospheric environments of
HWs in these two subperiods of the seasonal cycle are the
main focus of the present study.

2.3 Determination of dry and wet seasons

HW events are independently identified for the dry and wet
seasons. In this study, dry and wet seasons in a given year
are separated by the onset and withdrawal dates of the rainy
season over the region. The wet season refers to the period
spanning from the onset date of the rainy season to the with-
drawal date, while the dry season is defined as the remainder.
To determine the monsoon onset and withdrawal dates, we
adopt the methodology proposed by Zhang et al. (2002),
who defined the monsoon onset date as the day when: (1) the
amount of the daily precipitation rate exceeds 5 mm per day
and persists continuously for 5 days; (2) within the 20-day
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Fig.3 Climatological mean 925-mb wind over South and East Asia
in the dry (upper panel) and wet (lower panel) seasons of 1979-2010

period after the onset, more than 10 days receive rainfall
amounts of 5 mm per day or more.

However, Zhang et al. (2002) did not provide a defini-
tion for the monsoon withdrawal. By examining the sea-
sonal cycle of precipitation (Fig. 2b), we notice that it
exhibits an abrupt decrease around the mid-October. This
evolution is the reverse of that associated with the mon-
soon onset and is indicative of monsoon withdrawal. We
thus define the monsoon withdrawal date as the day when:
(1) the amount of the daily precipitation rate drops to less
than 5 mm per day and persists at that dry level continu-
ously for 5 days; (2) within the 20-day period after the

withdrawal, more than 10 days receive rainfall amounts
of less than 5 mm per day. Using the above definitions,
yearly monsoon onset and withdrawal dates over the study
region are identified.

2.4 HW identification and measures

After determining the monsoon onset and withdrawal dates

of each year, HW events are then identified separately for

the wet and dry seasons, based on daily time series of the
spatial average of T,,, over the study region. Following

previous studies (Lau and Nath 2014; Luo and Lau 2017),

a regional HW event is defined when the regional mean

daily T, ,, satisfies the following three criteria:

a. T,. must be higher than the 90th percentile value of
T, for all available years (hereafter referred to as T1)
for three or more consecutive days;

b. averaged T,,,, over the entire event must exceed T1 ;

c. T, on each day of the event must be higher than the
75th percentile value of T,,,, for all available years
(hereafter referred to as T2).

To examine the long-term trends of various aspects
of HW activities, we focus on the HW measures includ-
ing (Table 1): the yearly number of HW events (HWN),
yearly sum of participating HW days (HWF), length of
the longest yearly event (HWD), maximum temperature of
the hottest day of the hottest yearly event (i.e., amplitude,
HWA), average length of all yearly events (HWL), average
magnitude of all yearly events (HWM), onset date of the
first event of the year (HWO), and ending date of the last
event of the year (HWE). Here, the onset (ending) date
is defined as the first (last) day with 7, , > T2 during the
HW event. The trends of these measures are estimated by a
modified Mann—Kendall trend test that accounts for series
autocorrelation, as described by (Hamed and Rao 1998).

Table 1 Definitions of heat

. HW measures Definition (unit) Dry season Wet season

wave (HW) measures and their

differences between weak and Seasonal T, Mean T,,,, averaged throughout the season (°C) +1.11 +0.55

strong monsoon years, i.e.,

weak minus strong EAWM HWN Yearly number of HW events (event) +0.20 + 1.54

(SASM) years for dry (wet) HWF Yearly sum of participating HW days (day) +9.64 +24.22

season HWD Length of the longest yearly event (day) +5.11 +8.74
HWA Hottest day of the hottest yearly event (°C) +0.18 +0.37
HWL Average length of all yearly events (day) +4.75 +3.01
HWM Average magnitude of all yearly events (°C) +0.07 +0.01
HWO Onset date of the first event of the year (day) +4.55 +15.25
HWE Ending date of the last event of the year (day) +15.57 + 38.93
Bold values denote significance at the 95% confidence level as obtained by t-test
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3 Development of heat waves

By this definition, altogether 45 and 43 HW events are
identified in dry and wet seasons, respectively. We now
proceed to construct their composite patterns of 7, ,, and
low-level wind at 925-mb, to illustrate the development of
HWs in Indochina and to unravel their possible controlling
factors. Note that we choose 925-mb for displaying these
patterns because the wind field at this level can clearly
indicate the change of monsoon circulations (Chang 2004),
and it is closely related to the surface warming associ-
ated with the HWs. The evolution of these anomalies at
the incipient stage of HWs in the dry and wet season is
depicted in Figs. 4 and 5, respectively. Composite charts
are arranged at a 1-day interval for the temporal lags of —3
to 0 days versus the onset date. These patterns portray the
temporal evolution of high 7, and low-level wind anom-
alies associated with HWs in the Indochina Peninsula.
Three days before the onset of HWs (day — 3, see
Fig. 4a), high-temperature anomalies appear in northern
parts of East Asia. These anomalies intensify and extend
southward with time (day — 2 to day — 1). They cover most

parts of East Asia and reach the northeastern Indochina
region on the day before HWs start (day — 1). On the onset
date of HWs in Indochina (day 0), high temperatures cover
most parts of the Indochina Peninsula, with the highest
temperature appearing in the northern part of that region.
Meanwhile, high temperatures appear in many parts of
East Asia, i.e., eastern China, the Korean Peninsula, and
southern Japan.

This southward propagation of high-temperature anoma-
lies from northern East Asia corresponds well with the
southward extension of the anomalous southwesterly wind.
Here, anomalous southwesterly wind indicates a weaken-
ing of the northeasterly EAWM circulation. These anoma-
lous southwesterly low-level winds start from northern East
Asia (day —3), and intensify and propagate southward to
the SCS region (days —2 to — 1). They cover the most parts
of Indochina when HWs in Indochina commence (day 0).
This simultaneous relationship between the propagations of
high temperature anomalies and the weakening of EAWM
imply that the change of the EAWM circulation may play a
substantial role in the development of HWs in the dry season
of Indochina. To further examine the possible association
with the EAWM circulation, we calculate the composite

&t

120E

[ I

-3 -2 -1

Fig.4 Composite charts of the evolution of anomalous 7, (shad-
ing) and 925-mb wind (vector) prior to the occurrence of HW in
the dry season. Day 0 denotes the onset day of the HW event. Day
—1 denotes the day before Day 0, and so forth. Purple thick contour

1 2 3

denotes significant positive 7, anomalies at the 95% confidence
level, and significant wind anomalies either for zonal or meridional

components are plotted
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Fig.5 Asin Fig. 4, but for the wet season

(@) EAWM index during dry-season HWs
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Fig.6 Composite anomalies of daily EAWM index during HWs in
the dry season (top) and daily SASM index during HWs in the wet
season (bottom). ‘HW’ denotes the composite mean over the duration
of HWs. Negative (positive) lags denote the composite mean over the
period before (after) the HW onset (end), e.g., day —1 (+1) denotes
the day before (after) the HW onset (end), and so forth

anomalies of daily EAWM index as defined by (Jhun and
Lee 2004) during the HWs in the dry season. As shown in
Fig. 6a, the EAWM index exhibit negative anomalies before
the Indochina HWs occur (i.e., from day —5 to day — 1),
suggesting that the EAWM circulation is weakened prior to
the Indochina HWs. The EAWM circulation then begins to

@ Springer
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be reestablished during the HWs and becomes stronger one
day after the HW ends.

Compared with the dry season, HWs in the wet season
exhibit different development patterns. Three days before
the onset of HWs in the wet season (day —3), the positive
temperature anomalies mainly appear in the western parts of
the Indian subcontinent (Fig. 5a). The high temperatures in
India become stronger and wider on the days before the HWs
in Indochina begin (day —2 to day — 1. Fig. 5b—c), and they
are discernible over the Indochina Peninsula on the onset
date of Indochina HWs (day 0; Fig. 5d), with a prominent
warming center in central Indochina Peninsula.

The development of temperature anomalies in the wet
season is associated with the intensification of anomalous
easterly wind in the tropics (i.e., along the 10°N-20°N
region), which indicates a weakening of the SASM circula-
tion. On day — 3, easterly anomalies appear in the eastern
Arabian Sea and southern SCS regions. The easterly anom-
aly in the Arabian Sea extends eastward and reaches the
western parts of BOB on day — 1. When HWs in Indochina
occur (day 0), the easterly anomaly covers the most parts of
northern BOB and the Indochina Peninsula. These results
suggest that the development of HWs in the wet season is
associated with the expansion of the high-temperature anom-
aly in South Asia and that SASM may play an important role
in the occurrence of HWs during the wet season.

Similarly, the composite anomalies of daily SASM
intensity as defined by (Webster and Yang 1992) asso-
ciated with HWs in the wet season are examined
(Fig. 6b). The SASM circulation is weakened prior to the
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occurrence of HWs in the wet season (i.e., from day — 5
to day — 1). Particularly, the SASM circulation reaches
its weakest state when HWs occur. About two days after
the termination of the HWs, the SASM circulation tends
to become stronger than normal. These results indicate
an important role of the SASM circulation in the HW
occurrence in Indochina.

4 Synoptic features and atmospheric
controls of heat waves

The above analyses indicate that the high temperature
anomalies in the dry and wet seasons start from the north-
ern East Asia and western South Asia, respectively, and
they are likely accompanied by the weakening of EAWM
and SASM circulations, respectively. To further under-
stand the mechanism for HWs, we examine their typical
synoptic behavior and associated large-scale atmospheric
circulations in this section. These patterns are detected
by examining the composite anomalies of the pertinent
variables for the HW events.
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4.1 Near-surface patterns

Figure 7 shows the spatial distributions of surface anom-
alous patterns averaged over the duration of the HWs for
the dry season. The fields shown include T,,,,, precipita-
tion amount, SLP, and 850-mb relative humidity. When
HWs occur in the dry season, high-temperature anoma-
lies extend beyond the Indochina region and affect south-
western China (Fig. 7a). The Indochina Peninsula region
experiences suppressed precipitation (Fig. 7b) and reduced
humidity (Fig. 7d). Meanwhile, the decrease in precipita-
tion and humidity can be observed in the SCS and eastern
BOB regions. We also notice that this warm and dry anom-
aly extends upward to the middle atmosphere (not shown).
HWs are accompanied by lower than normal SLP over East
Asia (Fig. 7¢). The low pressure over East Asia is accompa-
nied by an anomalous cyclonic circulation near the surface,
with an anomalous southwesterly flow in the eastern part of
East Asia (Fig. 10a), implying a weakening of the EAWM
circulation. The hot and dry conditions over the Indochina
Peninsula may be partially attributed to this weakening of
the wintertime monsoon flow.

In the wet season (Fig. 8), HWSs in Indochina are accom-
panied by weak warming anomalies in not only parts of East
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Fig.7 Composite charts of anomalies of a T,,,,,,
Black thick contour denotes significance at the 95% confidence level
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b precipitation amount, ¢ SLP, and d 850-mb relative humidity for HWs in the dry season.
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Fig.8 Asin Fig. 7, but for the wet season

Asia but also South Asia such as central and northern India
(Fig. 8a). When HWs occur, the precipitation is suppressed
and the humidity is decreased over Indochina (Fig. 8b, d).
Precipitation decreases also extend to the SCS. Moreover,
the precipitation on the western and southwestern sides of
the Indochina Peninsula (such as eastern BOB) and the India
subcontinent, is noticeably reduced. At the same time, the
humidity over the India subcontinent is significantly reduced
during HWs in Indochina. HWs in the wet season are accom-
panied by anomalous high pressure over the northeastern
BOB and northern SCS (Fig. 8c). These SLP features are
coincident with anomalous low-level anticyclonic circula-
tions (Fig. 10b). These anticyclones are associated with
anomalous easterly wind along the tropical region (i.e., the
10°N-20°N zone), and indicate a weakening of the SASM
westerly flow.

4.2 Vertical structures

Figure 9 shows the longitude-height sections of geopotential
height and pressure velocity along the zone between 10°N
and 20°N. In the case of dry seasons (Fig. 9a), negative
height anomalies are found at the low-level, corresponding
to the decreased sea level pressure there (see Fig. 7a). How-
ever, at the middle- and upper-levels, Indochina and nearby
regions are covered by significantly increased geopotential
height. These patterns suggest that HWSs in the dry season
are associated with a warm-core low structure. More impor-
tantly, anomalous sinking air column covers the whole Indo-
china region (as shown in shadings of Fig. 9a), extending

@ Springer

eastward to the regions of the SCS and the Philippine Sea.
Such sinking anomalies suggest weakened convective activ-
ity, thus leading to suppressed precipitation over these areas
(see Fig. 7b).

In the wet season (Fig. 9b), the Indochina and SCS
regions (i.e., 90°E-120°E) are covered by positive height
anomalies, with the most significant anomaly appearing in
the middle atmosphere, showing that HWs in the wet season
is characterized by a warm-core high structure. On the other
hand, negative anomalies are observed on the east side of
these regions, indicating a westward extension of WNPSH.
This finding suggests that WNPSH may play an important
role in the Indochina HW. Figure 9b also shows that HWs
in the wet season of the Indochina are coincident with an
anomalously sinking air column above that region. This
downward anomaly weakens the convection and decreases
precipitation, thus contributing to HWs in this region.

4.3 Large-scale circulation patterns

The roles of EAWM and SASM in the development of HWs
in dry and wet seasons are further detected by examining the
large-scale circulation patterns shown in Fig. 10. The com-
posite anomalies of 850-mb horizontal wind and velocity
potential for HWs in the dry season are displayed in Fig. 10a.
This chart indicates that HW's are associated with a cyclonic
anomaly over eastern China, with anomalous southwesterly
flow over the most parts of East Asia. These wind anomalies
imply a weakening of the northeasterly flow of the EAWM
circulation and reinforce the notion of a significant role of
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the EAWM in HW occurrences in the Indochina Peninsula
during the dry season. On the other hand, Fig. 10b shows
the low-level wind pattern for HWs in the wet season. This
pattern is characterized by strongly anomalous easterly wind
in the tropical regions such as southern parts of SCS, Indo-
china, and BOB, and most parts of the Indian subcontinent.
These easterly anomalies are situated to the south of two
anomalous anticyclones over the northern BOB and central
SCS, respectively.

In the upper troposphere, the most prominent feature
associated with HW events in Indochina in the dry season
(Fig. 10c) is the anomalous easterly flow over eastern China
and southern Japan, which is located to the south of an
anomalous anticyclone centered over northern China and
Korea. This feature indicates that the prevalent subtropical
westerly jet stream in that region is weaker than normal dur-
ing the HW events. In this environment of weaker jet stream
intensity and hence weakened baroclinic disturbances, it is
anticipated that the winter monsoon activity over East Asia
would also decrease. In the wet season, HWs in Indochina
are coincident with an anomalous 250-mb cyclonic pattern
to the northwest of the Tibetan Plateau (Fig. 10d). This fea-
ture suggests that the prevalent upper tropospheric high pres-
sure center over that region (often referred as the ‘Tibetan
Anticyclone’) would be weaker than normal during HW
events in Indochina. Since the strength of the Tibetan Anti-
cyclone is closely related to the intensity of the SASM (e.g.,
see Zhang et al. (2002)), the result in Fig. 10d is consistent
with our earlier claim that HW events in Indochina during
the wet season typically occur when the SASM circulation
is weak.

Figure 10 also portrays anomalous velocity potential
in lower and upper atmosphere associated with HWs in
Indochina. For HWs in the dry season (the left column of
Fig. 10), a prominent divergent center is evident at the lower
atmosphere over Indochina (blue shadings in Fig. 10a) and
a convergent center appears in the upper atmosphere (red
shadings in Fig. 10c). These two centers indicate anomalous
subsidence over the Indochina Peninsula. This sinking air
motion contributes to the warm and dry conditions in that
region.

The above patterns for the dry season are similar to the
corresponding charts for the wet season (the right column
of Fig. 10). HWs in the wet season are accompanied by a
divergent center at the lower level (Fig. 10b) and a conver-
gent center at the upper level (Fig. 10d), thus also implying
anomalous downward circulation.

4.4 HWs in strong and weak monsoon years
The above results show that the intra-seasonal weaken-

ing of EAWM and SASM circulations could contribute to
HW occurrences in the dry and wet season of Indochina,
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Fig. 11 Differences of 850-mb wind in the (top) dry and (bottom)
seasons between strong and weak monsoon years (i.e., weak minus
strong years). Shading denotes significance either for zonal or meridi-
onal components at the 95% confidence interval

respectively. In this subsection, the HW measures during
strong and weak monsoon years are compared at annual
scale. We first remove the long-term trends of HW metrics
and then obtain the difference in the detrended HW met-
rics between weak and strong monsoon years (i.e., weak
years minus strong years). A weak (strong) monsoon year is
defined when the monsoon index is smaller (larger) than its
mean value by one standard deviation.

As listed in Table 1, compared with strong EAMW/
SASM years, all HW measures in the weak EAMW/SASM
years are intensified. On average, the seasonal mean 7, in
weak EAMW (SASM) years is 1.11 (0.55) °C higher than
strong EAMW (SASM) years. Weak EAMW (SASM) is
associated with more 0.2 (1.54) HW events and 9.64 (24.22)
HW days than strong EAMW (SASM). HWA and HWM
in weak EAMW (SASM) years are 0.18 (0.37) and 0.07
(0.01) °C higher than strong years. In addition, compared
with strong EAMW (SASM) years, HWs in weak EAMW
(SASM) years tend to occur and end later.
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Possible influences of monsoon circulations on HWs in
Indochina can be observed by probing into the composite
difference of 850mb horizontal wind between weak and
strong monsoon years. In the dry season (Fig. 11a), an
anomalous cyclone prevails over mainland China, with
anomalous southwesterly flow over most parts of East Asia.
This weakening of the northeasterly flow of the EAWM cir-
culation is in accord with the results in Fig. 10a, indicat-
ing that a weakening EAWM circulation favors the HWs
in Indochina. During weak SASM years (Fig. 11b), strong
anomalous easterly wind appears in the tropical regions.
These easterly anomalies are situated to the south of two
anomalous anticyclones over the northern BOB and central
SCS. Again, these patterns are close to those in Fig. 10b,
suggesting a weakened SASM circulation can provide a
favorable environment for intensifying the wet-season HWs.

5 Long-term changes of heat waves

Figure 12 depicts the occurrence of the identified HWs in
various years. It shows that for both dry and wet seasons,
HW events are becoming more frequent in the latter part
of the study period. HWs in both seasons are ending later
and commencing slightly earlier. HWs in dry season mainly
occurred in the middle to late March and April in the 1980s
and early 1990s, while they became more frequent in early
March (even as early as late February) and early May in
more recent years. Compared with the dry season, the pro-
gressively broader spread of HW occurrences across various
calendar months is more evident in the wet season.

(a) Dry season

More specifically, Figs. 13 and 14 show the time series
of various aspects of HW activities as computed for HWs in
the dry and wet seasons, respectively. Their estimated long-
term trends are listed in Table 2. It is shown in Fig. 13 that
all measures for HWs in the dry season except for HWL and
HWO exhibit prominent upward trends. The T, averaged
throughout the dry season shows a warming trend of 0.15 °C
per decade (Fig. 13a). HWN has been increasing signifi-
cantly by 0.45 events per decade since 1979 (Fig. 13b).
HWEF bears a trend of +3.75 days per decade (Fig. 13c).
HWD exhibits a slight prolonging trend of 0.34 days per
decade (Fig. 13d), suggesting that the longest HW of the
year is becoming longer. However, HWL has a slight short-
ening trend (Fig. 13f). Regarding the HW severity, HWA
shows a significant intensifying trend of 0.34 °C per dec-
ade (Fig. 13e), implying that the HW amplitude is becom-
ing stronger. Compared with HWA, HWM has a relatively
weaker increasing trend (Fig. 13g), i.e., 0.07 °C per decade.

Besides the duration and severity of HWs, we also exam-
ine the trends of the timing of HWs during the 1979-2010
period. Figure 13h depicts the time series of HWO (i.e., the
onset date of the first HW event) and HWE (i.e., the ending
date of the last event) in the dry season. The onset date (i.e.,
HWO) exhibits a downward trend of 3.57 days per decade,
suggesting that the HWs in the dry season are commencing
earlier. Moreover, the ending date (i.e., HWE) exhibits a
prominent upward trend of 12.31 days per decade, indicat-
ing that the HWs in the dry season are terminating later in
the calendar year.

The trends in HW measures in the wet season are even
stronger (mostly by a factor of 2-3) than those in the dry
season. Figure 14 shows the time series of the HW measures

(b) Wet season
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Table2 HW trends (per decade) in the dry and wet seasons of 1979—
2010 in the Indochina Peninsula

HW measures Trend in dry season Trend in wet season

Seasonal T, +0.15 + 0.67
HWN + 0.45 +0.87
HWF +3.75 +14.0

HWD +0.34 +7.22
HWA +0.34 + 1.05
HWL —-0.76 +0.48
HWM +0.07 +0.37
HWO -3.57 -4.0

HWE +12.31 +23.89

Bold values denote significance at the 95% confidence level, as
obtained by a modified Mann—Kendall trend test (Hamed and Rao
1998)

as computed for HWs in the wet season and their long-term
trends are given in Table 2. The T, averaged throughout
the wet season bears a significant warming trend of 0.67 °C
per decade (Fig. 14a). HWN and HWF exhibit increasing
trends of 0.87 events and 14.0 days per decade, respectively
(Fig. 14b,c). Meanwhile, there are also prolonging trends
in the duration of HWs in the wet season. For instance,
HWD exhibits a prolonging trend of 7.22 days per dec-
ade (Fig. 14d), and HWL (i.e., the average length of all
yearly events) has an upward trend of 0.48 days per decade
(Fig. 14f). Regarding the severity of HWs in the wet season,
HWA and HWM show increasing trends of 1.05 and 0.37 °C

a) Dry season
20() ry season
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Fig. 15 Frequency distribution of T, ,, in the dry (left) and wet (right)
season for individual years within the 1979-2010 period. Results for
various years are indicated using different colors as depicted by the
bar at the bottom. Thick curve denotes the average of T,,, distribu-

per decade, respectively (Fig. 14e,g). Figure 14h depicts the
time series of HWO and HWE of HWs in the wet season.
It indicates that the onset date HWO exhibits an advancing
trend of 4.0 days per decade while HWE exhibits a delaying
trend of 23.89 days per decade.

Figure 15 depicts the evolution of the distribution of 7,
in the dry and wet seasons from 1979 to 2010. It shows that
T . 10 the dry and wet seasons exhibit bimodal and uni-
modal distributions, respectively. The two peaks (at ~30 °C
and =~ 36 °C, respectively) in the bimodal distribution of the
dry season correspond to the two subperiods that exhibit
remarkably different temperatures, i.e., a relatively cool
subperiod from November to January and a hot subperiod
from February to May (see Fig. 2a). Figure 15 shows that
the overall distribution of T,,,, is shifted towards higher val-
ues in 1979-2010, i.e., +0.15 and 0.67 °C per decade for
dry and wet seasons, respectively. However, the skewness
of the distribution does not exhibit significant long-term
changes (p-value > 0.05). These findings demonstrate that
the intensifying trend in HW activities is mainly due to the
shift of the T,,,, distribution, rather than its shape. During
the 1979-2010 period, the global temperature (over land and
ocean) has also been increasing by 0.14-0.18 °C per decade
(Grant and Stefan 2011). This global trend is slower than the
trend of temperature in Indochina, implies that the warming
temperature and intensifying HWs in Indochina could also
be affected by other factors, e.g., the possible changes in
the associated atmospheric circulations (as discussed in the
following sections).

(b) Wet season
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tion. Numbers in the upper right corner of each panel indicate the
long-term trends of 7, mean (in °C per decade) and skewness (per
decade), and the numbers in bracket are their p-values as obtained
from the significance test
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6 Conclusion

A remarkable displacement exists in the seasonal cycles of
temperature and precipitation in the Indochina Peninsula.
The highest temperature occurs in the dry early spring
season, while relatively lower temperature prevails in the
summer wet season. In this study, we examine and com-
pare the characteristics of HWs occurring in the dry and
wet seasons of the Indochina Peninsula.

HWs in both seasons are accompanied by negative
anomalous precipitation, and the Indochina region is cov-
ered by a dry and hot atmospheric column. When HWs
occur, the Indochina and nearby regions are covered by
anomalous downward air movement, which contributes
to the dry conditions over the region. HWs in dry and
wet seasons are associated with rather distinct large-scale
atmospheric settings, i.e., weakening of the EAWM and
SASM circulations, respectively. On the one hand, HWs in
the dry season are accompanied by an anomalous cyclone
over eastern China and southwesterly flow over East Asia,
which are signatures of a weakened EAWM circulation.
Moreover, HWs in Indochina are also coincident with
high-temperature anomalies over East Asia. On the other
hand, HWs in the wet season are characterized by anoma-
lous easterlies lying to the south of anticyclones over BOB
and SCS, which are indicative of a diminished SASM in
that region. This relationship is further substantiated by
the prevalence of warm temperature anomalies over South
Asia (i.e., Indian subcontinent) during HW episodes in the
wet season of the Indochina Peninsula (Fig. 5).

We also find that HW metrics for both dry and wet sea-
sons exhibit prominent upward trends during 1979-2010,
in terms of frequency and amplitude. Particularly most
upward trends of HWs in the wet season are about two
to three times stronger than those in the dry season. We
also notice that the onset (termination) of HWs in the two
seasons have occurred progressively earlier (later) in the
seasonal calendar in recent decades.

7 Discussions

In this study, we have chosen our study domain to be the
Indochina region with climatological mean T,,,, higher
than 30 °C. To examine the dependence of our findings on
this particular choice, we have compared the HW behav-
ior in different subregions of the Indochina Peninsula
(not shown). Eight subregions are identified by applying
a rotated empirical orthogonal function (REOF) analy-
sis on the T,,,, anomalies. HWs are then defined on the

basis of each of these eight REOF subregions, and their
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characteristics are examined accordingly. We find that HW
metrics in all subregions are characterized by prominent
upward trends in both dry and wet seasons. The synop-
tic behavior and large-scale atmospheric environments of
HWs in these subregions are very similar to those derived
from our study region (i.e., central Indochina), with some
slight differences in amplitude and geographical location.
Therefore, the characteristics of HWs in central Indochina
are applicable to other subregions of Indochina.

The primary dataset used in the current study is the CFSR
reanalyses. Previous studies have demonstrated its utility
for studying various regional details of the observed atmos-
pheric circulation (Lau and Nath 2012, 2014; Luo and Lau
2017). Nevertheless, it is also worthwhile to study the HW
behavior in the Indochina Peninsula by using model simula-
tions. A vigorous comparison between the results based on
observations and model output, and a more incisive diag-
nosis of the model-simulated HW events, may unravel the
myriad processes and mechanisms contributing to the onset,
maintenance, and termination of HWs in Indochina.

In our study, HWs in the dry and wet seasons of Indo-
china are considered separately. These seasons are deter-
mined by the monsoon onset and withdrawal dates. Mon-
soon onset in mid-May has been defined by many different
variables such as precipitation (Htway and Matsumoto 2011;
Wang and LinHo 2002; Zhang et al. 2002), saturated equiva-
lent potential temperature (Zhang et al. 2004), and low-level
wind (Lin and Luo 2017; Wang et al. 2004). Here we adopt
the definition by Zhang et al. (2002) by using 5 mm/day pre-
cipitation as the threshold. We have extended this definition
to the monsoon withdrawal phase by noting the timing of the
abrupt precipitation decrease to below the 5 mm/day level in
mid-October (Fig. 2b). Alternative thresholds, e.g., 4 mm/
day, have been used in other studies (Abe et al. 2013; Chen
2006). However, using the 4 mm/day threshold yields nearly
the same set of HW occurrences as our present results. The
agreement among identified HW episodes based on differ-
ent precipitation thresholds is due to the fact that the HWs
mainly occur in the middle of the season (either dry or wet
seasons), and seldom appear during the transition phase of
monsoon circulation (e.g., see Fig. 12).

Besides the classification according to the dry/wet sea-
sons, HWs could also be defined by either daily T, or T,
series using absolute or relative thresholds (Perkins 2015;
Perkins and Alexander 2013; You et al. 2017). Due to the
difference in the magnitude of temperature in the dry and
wet seasons of Indochina (see Sect. 2.2), relative thresholds
are more appropriate for this comparative analysis among
dry and wet seasons. Besides, we select T}, because it is in
accordance with common climatological practice in many
regions such as Czech Republic (Huth et al. 2000), Denmark
(Christensen 2006), Sweden (Astrém et al. 2014), Nether-
lands (Huynen et al. 2001), and China (Xu et al. 2009).
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T,,.x-derived HWs have also been shown to be closely asso-
ciated with substantial societal impacts on human health and
economies (Beniston 2004; Meehl and Tebaldi 2004).

Previous works suggest that the westward extension of
WNPSH plays an important role in HWs or extreme high
tempertures in East Asia (Luo and Lau 2017; Wang et al.
2014). Here we also examine the composite charts of anoma-
lies of 500-mb geopotential height prior to the occurrence
of HWs in Indochina (Fig. 16). This result indicates that
the westward extension of WNPSH corresponds well to
the initiation of HWs in the wet season. Three days before
the beginning of a typical HW (day — 3), an extension of
WNPSH appears over the Philippine Sea. This extension
continues to strengthen and moves westward into southern
China (day — 2). On the day before the HW starts (day — 1),
the extended WNPSH dominates most parts of southern
China and reaches the eastern Indochina. On the day when
the HW begins (day 0), the extended WNPSH covers most
parts of the Indochina Peninsula. Compared with HWs in
the wet season, possible role of WNPSH in HWs in the dry
season is marginal (not shown).

As suggested by previous studies, WPNSH plays an
important role in extreme high temperatures or HWs in
many Asian regions such as South and Southeast China
(Ding et al. 2010; Luo and Lau 2017; Wang et al. 2013,
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2014, 2016). Similar to HWs in Indochina, HWs in these
regions are also often accompnaied by suppressed precipta-
tion, anomalously dry and sinking air column, and higher
presure and anticyclonic anomalies at low-level. Wang et al.
(2016) have examined three typical HWs in the summers
of 2003, 2006, and 2013 in southeasten, southwestern, and
eastern China, respectively. They found that the HWs in
2003 and 2013 were associated with a southward displace-
ment of EAJS and weatward intensificaiton of WNPSH;
while the HW in 2006 was characterzied by negative SLP
and geopotential height anomalies, and poleward displace-
ment of EAJS. In our study, we have also noticed that HWs
in the dry season is accompanied by a weakened prevalent
subtropical westerly jet stream (Fig. 10c).

In this study, we found that various aspects of HW in
Indochina show significant trends of intensification. These
trends are not only attributable directly to global warming,
but may also be related to long-term changes in the ambient
atmospheric circulation. As shown in Sect. 4, the weakening
of the EAWM and SASM circulations provides favorable
conditions for HWs in the dry and wet seasons, respectively.
Moreover, both EAWM and SASM weakened significantly
after the 1980s (Fan et al. 2010; Wang and Chen 2010; Wang
et al. 2009). These weakening trends in monsoon circulation
are in accord with the intensifying trends of HW activities
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Fig. 16 Composite charts of anomalies of 500-mb geopotential height
prior to the occurrence of HW in the wet season. Day 0 denotes the
onset day of the HW event. Day —1 denotes the day before Day 0,
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during 1979-2010. This correspondence implies that the
intensifying HW activities may be due to the weakening
EAWM and SASM circulations to some degree. Follow-
ing this line of reasoning, we anticipate that HW activities
in both seasons will become more frequent and stronger in
the coming decades, since both the strength of EAWM and
SASM circulations is projected to decrease in the future
(Hong et al. 2017; IPCC 2013).
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