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Abstract
The present study investigated the changes of high-temperature extremes and their links with atmospheric circulation over the
Northern Hemisphere during 1979–2012 based on daily records of maximum temperature and geopotential height fields. We
mainly used the 90th percentile of daily maximum temperatures as a threshold to identify hot day. The number of hot days (NHD)
shows significant increasing trends over the East Asia (EA), Mediterranean (TM), and United States of America (USA) from
1979 to 2012, suggesting that these regions may suffer from increasing high-temperature extremes The regional mean linear trend
over EA is 0.18 days/year and showed an increase in 1996, with the maximum trends inMongolian Plateau and Loess Plateau. In
the TM region, NHD increased with a rate of 0.35 days/year and showed an increase in 1997, and most significant trend was
found in the Arabian Peninsula. In the USA, the NHD had a significant inter-annual variability and increased with a rate of
0.1 days/year. Moreover, high-temperature extremes over most parts of the three regions are associated with barotropical
anticyclonic anomalies and subsidence, which may enhance solar radiation to surface.

1 Introduction

High-temperature extremes have a significant impact on eco-
nomic and social activities, affecting the consumption of elec-
tricity and water and inducing the forest fires, crop losses, and
heat-related working costs (Valor et al. 2001; Peng et al. 2004;
Coumou and Rahmstorf 2012; Zhao et al. 2016). In addition,
prolonged exposure to high-temperature extremes can lead to
heat-related illnesses, including heatstroke, heat exhaustion,
heat cramps, and respiratory diseases (Leechiong and Stitt
1995; Luber and McGeehin 2008), and result in an increase
in mortality, especially in the elderly (Diaz et al. 2002).

Climate change has the potential to increase the frequency
and magnitude of heat waves (Meehl and Tebaldi 2004). The
twenty-first century has already featured a number of serious
heat waves with negative impacts on crop production and
human health (Kovats and Hajat 2008; Battisti and Naylor
2009; Dole et al. 2011). In August 2003, 22,000–35,000
heat-related deaths (14,800 in France) were caused by the heat
wave that took place across Europe (Bouchama 2004; Schar
and Jendritzky 2004). In the summer 2010, Moscow suffered
a heat wave with unprecedented high mean temperature in
July (Dole et al. 2011). In the more recent 2013 heatwave over
China, over 5600 heat-related illnesses were reported, roughly
two times more than in the previous years (Gu et al. 2016;
Zhao et al. 2016). According to the World Meteorological
Organization (WMO 2013), compared to the number of
deaths due to heat waves (6000) in the decade before (1991–
2000), the number (136,000) increased rapidly (by 2300%)
during the most recent decade (2001–2010). And even after
excluding the 2003 heat wave in European and 2010 heat
wave in Russian, the THE-related deaths increased by
800%, which is much larger than the overall increase of
20% due to various extreme weather events including heat,
cold, drought, storms, and floods.

In addition, global temperature is very likely to continue
rising in the foreseeable future (Hansen et al. 2006; IPCC
2013). Temperature extremes have been studied on global,
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regional, and national scales (You et al. 2011). The frequency
of global heat wave has increased in the second half of the
twentieth century (Easterling et al. 2000; Alexander et al.
2006). There is a remarkable consistency among the results
obtained from previous studies which focus on regional and
national scales. For example, hot days and warm nights
showed an increasing tendency at most stations over the
Asia-Pacific region (Choi et al. 2009). Dynamical model pro-
jections show increases in the frequency, intensity, and dura-
tion of temperature extremes over at least the next century
(Kharin et al. 2007; Perkins et al. 2013).

Temperature extreme events are often accompanied by
prominent anomalies in atmospheric circulation and precipi-
tation, as well as in the conditions of the nearby land and
ocean surfaces. The extreme 2003 European and 2010
Russian heat waves have been shown to be associated with
blocking (Dong et al. 2016). Surface weather conditions are
closely governed by the large-scale circulation of the Earth’s
atmosphere (Horton et al. 2015). Although a substantial por-
tion of the observed change in extreme temperature occur-
rence has resulted from regional and global scale thermody-
namic changes, the risk of extreme temperatures over some
regions has also been altered by recent changes in frequency,
persistence, and maximum duration of regional circulation
patterns (Horton et al. 2015).

Although temperature extremes in most land regions show
robust increasing trends, the pattern of change has not been
spatially uniform. So it is reasonable to display the changes of
temperature extremes globally and compare the differences
and similarities over various regions. The objective of this
study is to quantify changes of temperature extremes over
the Northern Hemisphere during 1979–2012 and analyze spa-
tial and temporal features of hot day in details over typical
regions chosen according to the climatology and trend of hot
day over the Northern Hemisphere. Moreover, we discuss
possible relationship between temperature extremes and atmo-
spheric circulation. The rest of this paper is organized as fol-
lows. Section 2 introduces the data and method. Section 3
describes climatology and change of high-temperature ex-
tremes over the Northern Hemisphere. Section 4 discusses
the high-temperature extremes over sub-regions and their
links with atmospheric circulation. Finally, discussions and
conclusions are given in Section 5.

2 Data and method

2.1 Data

The records of daily maximum temperature are from the
WATCH-Forcing-Data-ERA-Interim (WFDEI) climate
dataset (Weedon et al. 2014). This dataset has the advantage
of a high spatiotemporal resolution (at 0.5° × 0.5° resolution

for the global land surface and at sub-daily/daily time steps for
the period of 1979–2012) and a wide use for land surface
modeling forcing (Zhao et al. 2015). This dataset was gener-
ated by applying bias correction to the ERA-Interim reanalysis
product (Dee et al. 2011), following the same methodology
implemented for the widely used WATCH Forcing Data
(WFD) (Weedon et al. 2011). WFDEI includes a correction
of T using the Climate Research Unit TS3.1/TS3.101 dataset
(CRU) (Mitchell and Jones 2005). Else, Previous studies an-
alyzed extreme temperatures based onWFDEI dataset both in
global (Zhao et al. 2015) and regional (Zhao et al. 2016) scale
and indicated that WFDEI is better than ERA-Interim in char-
acterizing extreme temperatures in China (Hu et al. 2018).

The daily height fields and monthly reanalysis data are
derived from the European Centre for Medium-Range
Weather Forecasts Interim Reanalysis (ERA-Interim) (Dee
and Uppala 2009) with a resolution of 0.5° × 0.5°, which is
available from 1979 forward, but the analyzed time period is
from 1979 to 2012. The ERA-Interim is the latest global at-
mospheric reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) and has sub-
stantial improvements compared to ERA-40 in many aspects,
such as the representation of the hydrological cycle, the qual-
ity of the stratospheric circulation, and the consistency in time
of the reanalysis fields (Dee et al. 2011).

2.2 Method

Twowidely used indicators are chosen in present investigation
to characterize the extreme temperature: absolute index and
percentile index. The absolute index considers 35 °C of daily
maximum temperature as a threshold to define extreme tem-
perature. Besides, the records of daily maximum temperature
from 1981 to 2010 in June, July, and August are ranked in an
ascending order, and then the 90th percentile (TX90) is chosen
from the order as a percentile threshold. The present study
defines a hot day when the daily maximum temperature ex-
ceeds the threshold and emphatically analyzes the spatial and
temporal features of the number of hot day (NHD).

Linear regression and empirical orthogonal function (EOF)
are used applied to analyze long-term variations of the NHD,
and Student’s t test is used to examine the significance of
linear regression. In addition, since regime shifts are defined
as rapid reorganizations of ecosystems from one relatively
stable to another, decadal shifts are detected by a method
developed by Rodionov (2004) based on a sequential t test
(details of regime shift detection are provided by NOAA,
available at https://www.beringclimate.noaa.gov/regimes/#
userconsent#).

To examine the relationship between the spatial and temporal
variability of the summer (June–August (JJA) mean) atmospher-
ic circulation and extreme temperature, we perform a singular
value decomposition (SVD) analysis on the summer 200 hPa
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height field and simultaneous NHD from 1979 to 2012 (details
of the SVD method are provided on the NCAR Command
Language (NCL) website at http://www.ncl.ucar.eud/).

3 Climatology and changes
of high-temperature extremes

Figure 1 shows the climatology of NHD based on absolute
index and the distribution of 90th percentile values of daily
maximum temperature over the Northern Hemisphere from
1981 to 2010. The regions with frequent hot days based on
absolute index mainly reside in North Africa and West Asia,
with the NHD close to 90 days/JJA (Fig. 1a). The large values
mean that almost all the days in whole summer are hot. These
areas are located in tropical or subtropical regions where the
surfaces are mainly composed of desert with scanty rainfall.
Besides, Western USA is another domain where hot days fre-
quently occur, especially in the west coast. It is evident from
Fig. 1b that 90th percentile of daily maximum temperature
displays a zonal structure with increasing first and then de-
creasing with the latitude from equator to the North Pole. The
spatial features of TX90 are consistent with the climatology of
NHD based on the absolute index, with larger values over
subtropical regions, especially over North Africa and West
Asia, and the maximum of TX90 in Sahara and the Arabian
Peninsula.

The NHD based on absolute index increased in most part of
the Northern Hemisphere from 1979 to 2012 and had most

significant increasing trends over subtropical regions (Fig. 2a),
especially in the Mediterranean, Caspian Sea region, and the
USA, with values more than 6 days/10 years. However, over
the major parts of Sahara and the Arabian Peninsula where hot
days frequently occur, the trends of NHD are not significant (Fig.
2a). As theNHD in these regions is close to ormore than 90 days
in summer (92 days in total), the absolute index fails to display
the changes of extreme temperature there. Figure 2b shows the
linear trends of NHD based on percentile index over the
Northern Hemisphere during 1979–2012. Significant increasing
trends are seen in most parts of subtropical region and the most
significant positive trends are seen in the Mediterranean and
West Asia, especially in the Arabian Peninsula with trends more
than 8 days/10 years. Compared to trends based on absolute
index, East Asia is another region of significant trends based
on the percentile index. In addition, percentile index magnifies
the information of extreme temperature over Polar Regions, such
as the significant increasing in Greenland (Fig. 2b).

Thus, absolute index is not proper for analyzing the trends
over Sahara and the Arabian Peninsula, and it fails to reflect
the extreme temperature in middle and high latitude where the
NHD above 35 °C is 0. These problems are resolved when the
analysis is based on percentile index that can reflect the ex-
treme high temperature objectively. Percentile index is more
comparable across different climatic regions, so the following
analysis focuses on the results based on percentile index.

According to the climatology and tendency of NHD over the
Northern Hemisphere, three sub-regions are chosen to do more
detailed analysis: East Asia (EA) (30–55° N, 90–125° E),

Fig. 1 Climatology of the NHD
(units: days/JJA) based on
absolute index (a) and
distribution of 90th percentile
(units: °C) values of daily
maximum temperature (b) over
the Northern Hemisphere
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Mediterranean (TM) (20–50° N, 10° W–60° E), and the USA
(20–50° N, 105–65°W), and the scopes of the three sub-regions
are depicted in Fig. 2b. These three sub-regions are selected
because they are the areas where extreme temperature frequently
occurs and exhibits significant increasing trends of NHD.

To investigate the main spatial and temporal features of
NHD over the Northern Hemisphere, we show the first two
EOF modes and corresponding principal components for the
NHD based on percentile index from 1979 to 2012 in Fig. 3.
The two modes explain about 20.2% and 7.3% of the total
variance, respectively.

As Fig. 3a shows, the first leading EOFmode is characterized
by uniform positive anomalies in the most parts of the Northern
Hemisphere, and the corresponding PC (Fig. 3b) mainly features
increasing trend. The EOF1 and PC1 indicate that NHD based
on percentile index was depicted by negative anomalies from
1979 to 1997 and positive anomalies from 1997 to 2012.
Hence, the NHD increased over the Northern Hemisphere, espe-
cially in North Africa and West Asia. The three sub-regions
chosen above are the areas where NHD shows a significant
variation according to the first leading EOF mode.

Additionally, the second leading EOF mode (Fig. 3c)
shows a seesaw NHD pattern between the USA, East
Europe, North Asia, and the other parts of the Northern
Hemisphere. The second principal component (Fig. 3d) de-
picts negative phases from 1979 to 2000 and positive phases
from 2000 to 2012 mainly. Thus, in the USA, East Europe,
and North Asia, the NHD based on percentile index was
above normal during 1979–2010 and below normal during
2000–2012, while the patterns reversed in the other parts of
the Northern Hemisphere.

4 High-temperature extremes
over sub-regions and their links
with atmospheric circulation

Atmospheric general circulation is a direct factor which causes
extreme high events. For example, the serious heat wave in
Europe in 2003 fromMay to August is partly due to persistent
anticyclonic conditions (Black et al. 2004). To examine the
relationship between the atmospheric circulation and NHD,
linear trends have been subtracted to remove long time-scale
variations. For a 34-year time series, a correlation coefficient
of 0.44 reaches the 99% confidence level based on the
Student’s t test.

Correlations of NHD with height fields in each grid over
the Northern Hemisphere during 1979–2012 are shown in
Fig. 4. Apparently, the distribution of correlation coefficient
is remarkably similar between two pressure levels, but the
coefficients of NHD with 500 hPa height field are larger than
with 200 hPa. Significant positive correlation appears in major
parts of the Northern Hemisphere, with positive centers in
middle and high latitudes. This suggests a potential link be-
tween the NHD based on percentile index and anomalous
height fields. Over the three sub-regions chosen above, the
correlation coefficients between NHD and geopotential height
are significant.

4.1 East Asia

The regional averaged NHD in the EA region increased with a
linear trend of 0.18 days/year and showed a decadal increase
via binomial 9a sliding average (red line) (Fig. 5a). Regime

Fig. 2 Linear trends of NHD
based on the absolute index (a)
and percentile index (b) during
1979–2012 over the Northern
Hemisphere, the point signs de-
note the grid points where the
trend is significant at 99% confi-
dence level according to Student’s
t test. The rectangular black boxes
from left to right denote the re-
gions that are chosen as the
United States of America (USA),
Mediterranean (TM), and East
Asia (EA), respectively
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shift detection indicates that regional NHD over EA had a
regime shift in 1996. Therefore, the period is divided into
two periods: low NHD period (pre-period: 1979–1996) with

9.11 days/JJA and high NHD period (post-period: 1997–
2011) with 15.73 days/JJA. Averaged NHD patterns during
1979–1996, 1997–2011, and difference between two periods

Fig. 4 Correlation coefficients of NHD based on percentile index with
500 hPa (a) and 200 hPa (b) height fields respectively from 1979 to 2012
over the Northern Hemisphere. The point signs denote the grid points
where the correlation is significant at 99% confidence level according

to Student’s t test. Green arc areas from 150° W to east indicate the
regions of the United States of America (USA), Mediterranean (TM),
and East Asia (EA), respectively

Fig. 3 The first EOF mode (a) and second EOF mode (c) of NHD based
on percentile index over the Northern Hemisphere and the first principal
component (b) and second principal component (d) during 1979–2012.

The rectangular black boxes from the left to the right denote the regions
that are chosen as the United States of America (USA), Mediterranean
(TM), and East Asia (EA), respectively
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over EA are shown in Fig. 5c–e, respectively. From the pre-
period to post-period, an increasing trend was found overmost
parts of EA, especially around the Mongolian Plateau and
Loess Plateau.

To find out the atmospheric circulation associated with the
decadal shift of NHD in the EA region, the differences of
atmospheric circulation and downward shortwave radiation
between two periods are shown in Fig. 6. There is an anom-
alous anticyclone during the post-period compared with pre-
period in both the upper and lower troposphere over the most
parts of EA (Fig. 6a, c). Associated with the anticyclonic
anomalies, there are subsidence at 500 hPa (Fig. 6b) and
downward shortwave radiation anomalies in the surface,
which may heat air temperature indirectly through heating
surface soil temperature.

The first and second SVD modes on the summer 200 hPa
geopotential height field and simultaneous NHD from 1979 to
2012 are shown in Fig. 7, aiming at analyzing the correlation
between the atmospheric circulation and extreme temperature
over the EA. The first two modes explain about 92.1% and

5.7% of the total variance, indicating that the first mode is the
main pattern.

The first homogeneous SVD modes (Fig. 7a, b) are char-
acterized by positive height anomalies with maximum center
at the latitude around 45° N and remarkable above-normal
NHD around the Mongolian Plateau and Loess Plateau, con-
sistent with the most significant increases of NHD (Fig. 5e).
The correlation coefficient between the two corresponding
principal components (PCs) is 0.86, suggesting a close rela-
tionship between geopotential height and NHD. There is an
evident change that the values of standardized PCs are mainly
below zero during 1979–1995 and above zero during 1996–
2012 (Fig. 7c). Therefore, anticyclonic anomalies and above-
normal NHD over the EA mainly appear during 1996–2010,
while cyclonic anomalies and below normal NHD mainly
appear during 1979–1995. The second SVD mode indicates
a dipole pattern of anomalies of 200 hPa geopotential height
and NHD between north part and south part of EA (Fig. 7d, e),
and the correlation of PCs is 0.77 (Fig. 7f). Else, the inter-
annual variability of PCs is significant.

Fig. 5 Changes (a) and a regime
shift (b) of the regional averaged
NHD based on percentile index
and averaged NHD during 1979–
1996 (c), 1997–2011 (d) and dif-
ference between two periods (e)
in the EA region
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4.2 Mediterranean

Figure 8 shows the changes of NHD in the TM region. The
regional mean NHD in the TM shows an increasing trend
during 1979–2012 (linear trend valued 0.35 days/year).
Specifically, there is a gradual increasing trend from 1979 to
1990s and a prominent increasing trend from 1990s to 2012
(Fig. 8a). A regime shift of regional NHD in 1997 is detected,
with 9.74 days/JJA during 1979–1997 (pre-period) and
18.74 days/JJA during 1998–2012 (post-period). Areas where
hot days frequently occurred are located in theWestern Sahara
during 1979–1996 and in the Arabian Peninsula during 1997–
2012 (Fig. 8c, d). From the pre-period to the post-period, an
increasing trend was found over the whole TM region, espe-
cially around the Arabian Peninsula.

Figure 9 shows the differences of atmospheric circulation
and downward shortwave radiation between pre-period and
post-period. The whole TM had a regime increasing shift of
NHD in 1997, but the factors for this shift are different in the
north part and south part of TM (Fig. 9). Over the north part
(from 40° N to north), there is an anomalous anticyclone dur-
ing the post-period compared with pre-period in both the up-
per and lower troposphere over the north part of TM (Fig.
9a, c), and subsidence anomalies occur at 500 hPa (Fig. 9b),
resulting from the anomalous high pressure. Meanwhile,

downward shortwave radiation in the surface demonstrates a
positive anomaly (Fig. 9d), favoring the occurrence of ex-
treme heat. Over the south part (from 40° N to south), there
is ascent at 500 hPa, and downward shortwave radiation
decreased. Harpaz et al. (2014) indicated that horizontal ad-
vection is the dominant factor in the occurrence of HETs in the
eastern Mediterranean region, but not the warming associated
with subsidence.

The first and second SVD modes on the summer 200 hPa
geopotential height and simultaneous NHD from 1979 to
2012 are shown in Fig. 10, and the first two modes explain
about 89.9% and 3.0% of the total variance, respectively, sug-
gesting that the first mode is the dominant mode. As
Fig. 10a, b shows, the first homogeneous SVDmode indicates
a positive geopotential height and hot days anomalies over the
TM. NHD is above normal when the TM region is controlled
by positive height anomalies, with a localizedmaximumNHD
around the Arabian Peninsula. The correlation of PCs is 0.77
(Fig. 10c). The second SVD mode is characterized by a see-
saw pattern of geopotential height and NHD between western
and eastern TM, with a localized minimum over Sahara region
(Fig. 10d, e). The correlation of PCs is 0.74, suggesting a close
relationship between the 200 hPa geopotential height and
NHD, and the PCs show a significant inter-annual variability
(Fig. 10f).

Fig. 6 Differences of (a) 200-hPa wind (units: m/s), (b) 500-hPa vertical
pressure velocity (dp/dt) (units: 10−4 hPa/s), (c) 850-hPa wind (units:
m/s), and (d) surface downward shortwave radiation (units: W/m2)

between 1997–2011 and 1979–1996 in the EA region. The red rectangu-
lar boxes denote the regions that are chosen as the EA

The changes of high-temperature extremes and their links with atmospheric circulation over the Northern... 267



4.3 United States of America

The changes of regional NHD over the USA display an inter-
annual variation with a linear trend of 0.1 day/year (Fig. 11a).
We define hot years when the standardized anomaly of region-
al NHD is larger than 1.0, and cold years when the standard-
ized is smaller than − 1.0. Hence, hot years over the USA are
chosen including 1980, 1983, 1988, 1995, 1998, 2005, 2006,
2010, 2011, and 2012, while cold years including 1979, 1982,
1984, 1985, 1992, 1994, 1996, 1997, 2000, and 2004
(Fig. 11b). Over the USA, the most significant difference

between hot years and cold years was in the west of the
Mississippi River (Fig. 11c, d, f).

Figure 12 displays the difference of atmospheric circulation
and downward shortwave radiation between hot years and
cold years. Comparing to cold years, there is an anomalous
anticyclone in both the upper and lower troposphere over the
USA region in hot years (Fig. 12a, c), and subsidence anom-
alies occur at 500 hPa (Fig. 12b), resulting from the anoma-
lous high pressure. Cloud is inhibited due to subsidence, fa-
voring extreme temperature through enhancing solar radiation
at the surface (Fig. 12d).

Fig. 7 First (a–c) and second (d–
f) leading SVD homogeneous
correlation map of summer 200-
hPa height field (a, d) and simul-
taneous NHD (b, e) over the EA
region and standardized homoge-
neous time series of first (c) and
second (f) leading SVD mode.
SVD analysis is based on the data
from 1979 to 2012
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Fig. 9 Differences of (a) 200-hPa wind (units: m/s), (b) 500-hPa vertical
pressure velocity (dp/dt) (units: 10−4 hPa/s), (c) 850-hPa wind (units:
m/s), and (d) surface downward shortwave radiation (units: W/m2)

between 1998–2012 and 1979–1997 in the TM region. The red rectan-
gular boxes denote the regions that are chosen as the TM

Fig. 8 Changes (a) and a regime
shift (b) of the regional averaged
NHD based on percentile index
and averaged NHD during 1979–
1997 (c), 1998–2012 (d), and
difference between two periods
(e) in the TM region
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To analyze the links between the general circulation
and extreme temperature event over the USA, the first
two SVD modes on summer 200 hPa geopotential
height field and simultaneous NHD from 1979 to 2012
are shown in Fig. 13, and the first and second modes
explain about 79.8% and 14.3% of the total variance,
respectively.

The correlation coefficient between two corresponding
PCs of geopotential height field and NHD from first mode
is 0.82 (Fig. 13c), which suggests a close relationship
between geopotential height field and NHD. As
Fig. 13a, b shows, the first homogeneous SVD modes
are characterized by uniform geopotential height fields
and NHD anomalies in the USA region. NHD is above
normal when the USA is controlled by an anomalous an-
ticyclone. The standardized PCs of the first mode display
a significant inter-annual variation with an increasing
trend (Fig. 13c). The second mode indicates a dipole

anomaly of 200 hPa geopotential height and NHD be-
tween the Northern and Southern USA. The correlation
coefficient of PCs is 0.75, and the inter-annual variability
of PCs is significant with a decreasing trend (Fig. 13f).

In the EA and TM, the NHD increased significantly with a
regime shift around the late 1990s, but the NHD in the USA
increased with significant inter-annual variability. Both the
decadal increases of NHD in EA and north part of TM and
positive anomalies NHD in the USA are associated with an
anomalous anticyclone in both upper and lower troposphere,
resulting subsidence at 500 hPa and downward shortwave
radiation anomalies in the surface.

5 Discussion and conclusion

In this study, we have investigated the changes of high-
temperature extremes and their links with atmospheric

Fig. 10 a–f The same as Fig. 7 but over the TM region
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circulation over the Northern Hemisphere during 1979–2012
based on daily records of maximum temperature and
geopotential height fields. Hot day is defined as daily maxi-
mum temperature exceeding 35 °C (absolute index) or 90th
percentile (percentile index) based on 30-year (1981–2010)
daily records of daily maximum temperature.

Based on absolute index, the regions with frequent hot
days are mainly located in the North Africa and West
Asia, with the NHD close to 90 days/JJA. The spatial
features of TX90 indicate a zonal structure and are con-
sistent with the climatology of NHD based on absolute
index, with larger values over the subtropical regions.
The NHD increased with regional characteristics in most
part of the Northern Hemisphere from 1979 to 2012 and
had most significant increasing trends over the subtropical
regions, especially around the Mediterranean. According
to the features of climatology and trend, three sub-regions
are chosen to do more detailed analysis: East Asia (EA),

Mediterranean (TM), and United States of America
(USA). These three regions are the areas where high-
temperature extremes frequently occur and have signifi-
cant increasing trends. In addition, the first EOF mode is
characterized by a uniform increasing trend, with signifi-
cant variations over the EA, TM, and USA.

In the EA region, regional NHD increased with a linear
trend of 0.18 days/year, and showed a decadal increasing with
a regime shift in 1996. Compared with the pre-period (1979–
1996), hot days occur more frequently during the post-period
(1997–2012), especially in the Mongolian Plateau and Loess
Plateau. The atmospheric circulation and surface downward
shortwave radiation associated with the decadal increasing of
regional NHD are characterized by an anomalous anticyclone
both in the upper and lower troposphere and the subsidence
due to high pressure. This circulation pattern is conducive to
the occurrence of hot days through enhancing downward solar
radiation at the surface.

Fig. 11 Changes (a) and
standardized anomalies (b) of
regional averaged NHD based on
percentile index during 1979–
2012 and averaged NHD during
hot years (c), cold years (d), and
difference between hot years and
cold years (e) in the USA region
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In the TM region, regional NHD increased with a rate
of 0.35 days/year and showed a decadal increasing with
a regime shift in 1997. Factors associated with this shift
are different over the north part and south part of TM.
For the north part (from 40° N to north), the anomalous
anticyclone and subsidence are responsible for the ex-
treme temperature through enhancing solar radiation at
surface. For the south part (from 40° N to south), there
is no obvious anomalous anticyclone, but there are
anomalous ascending and negative anomalous solar radi-
ation at surface.

In the USA region, regional NHD increased with a
linear trend of 0.1 days/year, and displayed an inter-
annual variation. After defining hot years when the stan-
dardized anomaly of regional NHD is larger than 1.0, and
cold years when the standardized is smaller than − 1.0, we
chose 10 hot years and 10 cold years to do a composite
analysis. Anticyclone and subsidence anomalies are con-
ducive to the occurrence of hot years.

Anticyclonic anomalies play an important role in af-
fecting extreme heat events in various regions from the
previous studies (Meehl and Tebaldi 2004; Gershunov
et al. 2009; Chen and Lu 2015). Subsidence resulting
from anomalous anticyclone can increase the air

temperature through adiabatic heating and also through
enhancing solar radiation at surface due to the subsidence
and reducing of cloud cover (Zaitchik et al. 2006; Loikith
and Broccoli 2012). The decadal increasing over both the
EA region and north part of TM region and also hot years
over the USA region can be explained by mechanism
mentioned above, but not the decadal increasing over
south part of TM region.

Else, several previous studies indicated that the hori-
zontal flow is responsible for extreme temperature
through temperature advection over Mediterranean re-
gion. July–August temperature was analyzed over the
eastern Mediterranean region (Ziv et al. 2004). The re-
sults indicated that the temperature anomaly is resulted
from the combined effect of horizontal clod advection
by prevailing northwesterly winds and the warming due
to subsidence, and they tend to balance each other. In
addition, Harpaz et al. (2014) did dynamical analysis of
extreme summer temperatures in the east Mediterranean
and implied that extreme heat is controlled by the in-
tensity of the negative temperature advection, but not by
the prevailing subsidence: high temperature is caused by
the reducing of cold advection because of the weakened
northwesterly wind.

Fig. 12 Differences of (a) 200-hPa wind (units: m/s), (b) 500-hPa vertical
pressure velocity (dp/dt) (units: 10−4 hPa/s), (c) 850-hPa wind (units:
m/s), and (d) surface downward shortwave radiation (units: W/m2)

between hot years and cold years in the USA region. The red rectangular
boxes denote the regions that are chosen as USA
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