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Abstract

Understanding the variations of extreme weather/climate events is important to improve the
seasonal forecast skill of such harmful events. Previous studies have linked boreal summer hot
extremes to decaying El Nifno-Southern Oscillation (ENSO) events at the interannual scale, but
how these hot extreme episodes respond to developing ENSO events remains unclear. Using
observational analyses, we demonstrate strong linkages between developing ENSO and extreme
heat events in northern continents. In particular, heat extremes in North America, Eastern
Europe—Central Asia and Northeast Asia tend to be more frequent during La Nifa developing
summers and less frequent during El Nino developing phases. Associated atmospheric changes
reveal that developing ENSO events feature a circumglobal teleconnection (CGT) pattern over the
mid-latitudes. In the La Nifa developing summer, this CGT pattern exhibits enhanced
geopotential height and anomalous anticyclones over North Pacific, North America, Eastern
Europe—Central Asia and Northeastern Asia, and the jet stream generally shifts northward. The
atmospheric circulation changes lead to more persistent weather conditions that favor extreme heat
events in mid-latitudes. Conversely, opposite changes associated with developing El Nifio can
inhibit heat extremes in the above locations. The responses of heat extremes to different types (i.e.,
conventional Eastern Pacific and Modoki Central Pacific) and durations (1 and 2 year) of ENSO

events are also discussed.

1. Introduction

As one of the most harmful extreme climate and
weather phenomena, summer extreme heat events
have been shown to exert severe influences on human
health and the eco-system (Easterling etal 2000,
Kovats and Hajat 2008, Deschénes and Greenstone
2011, Ma et al 2014, Gasparrini et al 2015, Forzieri
et al 2017). Heat extremes have been intensifying over
the past decades, and their frequency of occurrence
is projected to increase still further in the coming
decades under global warming, thus posing increas-
ing threats to human society and the natural envir-
onment (Meehl and Tebaldi 2004, IPCC 2013, Dosio
et al 2018). At the regional scale, rapid urbanization

© 2020 The Author(s). Published by IOP Publishing Ltd

and land use may further accelerate the increasing
tendency in hot extremes in many regions such as
China and North America (Oleson et al 2015, Sun
et al 2016, Freychet et al 2017, Luo and Lau 2017, Luo
and Lau 2019a).

In addition to their long-term trends, the interan-
nual variations of summer heat extremes at a shorter
time scale are closely linked with prominent modes
of climate variability. For instance, the westward
extension of the western North Pacific (WNP) sub-
tropical high plays an important role in modulat-
ing heat waves in eastern and southern China (Ding
etal 2010, Luo and Lau 2017, Liu et al 2019a). The
changes in the East Asian jet stream and the South
Asian high are also linked with the variability of
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summer heat extremes in China (Wang et al 2013,
2014). Particularly noteworthy among the modes of
climate variability is the El Nino-Southern Oscilla-
tion (ENSO), which is an important interannual-
scale phenomenon that has remarkable influences on
the mean seasonal climate around the world (Wu et al
2003, Zhao et al 2019, Rao and Ren 2020). Differ-
ent ENSO phases, intensities and flavors may induce
distinct climate anomalies in remote regions through
large-scale atmospheric changes (Zhao et al 2019).
ENSO may also exert impacts on extreme climate
and weather events, as extreme temperature events
are often caused by the changes in atmospheric cir-
culation (e.g. blockings), which can be influenced
by the underlying sea surface temperature (SST)
anomalies associated with ENSO (Kenyon and Hegerl
2008, Alexander et al 2009, Arblaster and Alexander
2012, Sun et al 2015, Gao et al 2020a). Recent stud-
ies revealed that ENSO events also have profound
effects on the stratosphere (Garfinkel and Hartmann
2007,Rao and Ren 2016, 2017). In particular, the stra-
tospheric sudden warming events are modulated by
ENSO through the upward propagation of planetary
waves from the troposphere (Barriopedro and Calvo
2014, Liu et al 2019b).

ENSO has prominent effects on hot extremes and
heatwaves in many parts of the world such as North
America (Loikith and Broccoli 2014), East Asia (Luo
and Lau 2019b, Yeo etal 2019, Gao et al 2020b),
Southeast Asia (Lin et al 2018), Australia (Loughran
etal 2019), Canada and South Africa (Kenyon and
Hegerl 2008, Arblaster and Alexander 2012). The
probabilities of warm summer days and months over
Mexico and the south-central United States are sig-
nificantly increased in the El Nifio decaying sum-
mer (Loikith and Broccoli 2014). Behera et al (2013)
found that the transition phase from El Nino to
La Nina is accompanied by more frequent extreme
heat events in Eastern Europe. Our previous study
also suggests that heatwaves in southern and east-
ern China tend to be intensified during the summers
of decaying El Nino, and weakened during decay-
ing La Nifa phase (Luo and Lau 2019a). The WNP
subtropical high and anticyclone play a role in these
relationships (Luo and Lau 2019). El Nifio forcing
can also lead to more frequent extreme temperat-
ure episodes in Australia through several mechan-
isms such as the heat advection from lower latit-
udes via a moving high-pressure system, the bound-
ary layer diabatic heating by the land surface, and
the subsidence of air with high potential temperature
(Loughran et al 2019).

However, the above studies mainly focused on the
changes in summer heat extremes responding to pre-
ceding El Nifo/La Nifa events (i.e. decaying sum-
mers). Linkages between heat extremes and develop-
ing ENSO remain to be documented in detail, and
the causes for such linkages remain to be identified.
Also, previous studies have shown that developing
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and decaying ENSO events are associated with dis-
tinctive summer circulation patterns and may pose
different influences on climate in remote regions (Lin
and Li 2008, Wu et al 2009, Kosaka et al 2012, Rao
and Ren 2017, Xue et al 2018, Wen et al 2019, Zhao
etal 2019). These considerations suggest that devel-
oping and decaying ENSO events may have different
linkages with summer heat extreme events. The goal
of the current study is, therefore, to extend previous
studies by examining the possible linkages between
summer heat extremes in northern continents and
developing La Nina/El Nifio events.

2. Data and methods

In this study, two different measures of summer
extreme heat events defined by the Expert Team on
Climate Change and Indices (ETCCDI), namely day-
time TX90p and nighttime TN90p, are examined.
TX90p (TN90p) is defined as the number of days
when the daily maximum (minimum) temperat-
ure exceeds its 90th percentile value. The percentile
values are computed from daily maximum (Tmax)
and minimum (Tmin) temperatures, respectively, in
the reference period 1961—1990. TX90p and TN90p
can thereby be used to measure daytime and night-
time heat extremes, respectively. The monthly stat-
istics of TX90p and TN90p frequencies over north-
ern continents in the summers (June—August, or
JJA) of 1951—2019 are from the global land grid-
ded GHCNDEX dataset of climate extremes (Donat
et al2013), which is available at www.climdex.org and
has a spatial resolution of 2.5° x 2.5°. In order to
reveal the associated atmospheric circulation changes
in response to developing ENSO events, monthly
fields of geopotential height and horizontal winds are
obtained from the NCEP/NCAR Reanalysis I dataset
(Kalnay et al 1996).

ENSO events are defined by the monthly Nino3.4
index (figure 1). This index is collected from the
NOAA Climate Prediction Center at its website http:
/Iwww.cpc.noaa.gov/products/analysis_monitoring/
ensostuff/ensoyears.shtml. Following Wu et al (2009)
and Wen et al (2019), an ENSO developing summer
is defined when the absolute value of the JJA Nifio3.4
index exceeds 0.5 °C and ENSO reaches a mature
phase in the following winter. Here, a mature ENSO
event is defined when the 3 month Nino3.4 index
exceeds 0.5 for at least five consecutive months
(Trenberth 1997). Due to the complexity of ENSO
evolution patterns, we exclude 1958, 1964, 1965,
1973, 1988, 1998, 2000, 2011, as these summers are
preceded by a strong El Nifio/La Nifia events in the
previous winter. Out of 68 summers in the period of
1951-2019, 14 developing El Nifio summers and 8
developing La Nifia summers are extracted for sub-
sequent analysis. The identification of developing
ENSO summers is illustrated in figure 1. Note that
when the mixed events are included for composite
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Figure 1. Times series of monthly Nifi03.4 index from January 1950 to October 2019. The asterisk denotes the summers with the
Nifi03.4 index exceeding 0.5 ©C. The bold asterisk denotes the 14 developing El Nifio and 8 La Nifia summers. Symbols ‘E” and
‘C,, respectively, indicate developing eastern-Pacific (EP) and central-Pacific (CP) ENSO events, based on Ren and Jin (2011) and

Ren et al (2018).

analysis, the results show only marginal differences
from that presented in the following section. Several
above-identified developing years such as 1955, 1975,
1958, 1999 and 2011 also follow a previous ‘develop-
ing’ event. When these years are excluded, the results
also show little change from when these years are
included (not shown). We thus keep these developing
years in the following investigations.

The atmospheric patterns associated with devel-
oping ENSO events are revealed by examining the
composite maps for the differences in the detrended
anomalies of the related atmospheric variables
between the developing La Nifia and El Nifio sum-
mers (i.e. La Nifa minus El Nifo). The significance
of the differences at the 0.05 level is evaluated by
the Student’s t-test, which has been widely used in
examining the ENSO effects in previous studies (e.g.
Pozo-Véazquez et al (2001), Philippon etal (2012),
Karori et al (2013), Choi et al (2019)). The anomalies
of the related atmospheric variables are calculated by
removing the climatological mean over the period of
1961-1990. The long-term variations in these vari-
ables and in the frequency of summer extreme heat
events are removed by using the 9 year high pass
Lanczos filtering (Duchon 1979).

3. Results

3.1. Changes in summer heat extremes associated
with developing ENSO events

The differences in summer TX90p and TN90p fre-
quencies (with the trends removed by a high-pass
filter) over northern continents between the La
Nina and El Nifio developing summers are presen-
ted in figure 2. These charts illustrate that sum-
mer extreme heat events exhibit strong differences
between developing El Nifio and La Nifa events.
During the developing summer of La Nina (El
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Nifo), the frequencies of TX90p and TN90p generally
increase (decrease) over the middle latitudes of north-
ern continents. In the developing phase of La Nifia
(El Nifo) events, significant increases (decreases) in
the frequency of summer extreme heat events occur
in North America, Eastern Europe—Central Asia,
and Northeast Asia (as denoted by dashed boxes in
figure 2); whereas anomalies of the opposite polarity
are found over parts of northwestern North America
and central China for TX90p (figure 2(a).

We calculate the correlation coefficient between
the JJA Nifi03.4 index and the high-pass filtered fre-
quency of heat events over North America, Eastern
Europe—Central Asia, and Northeast Asia (table 1).
These regions are chosen as they exhibit the most
prominent anomalies during developing ENSO sum-
mers (see figure 2). The Nifio3.4 index is correlated
with summer TX90p (TN90p) frequencies in North
America, Eastern Europe—Central Asia, and North-
east Asia at levels of —0.41 (—0.43), —0.28 (—0.28),
and —0.34 (—0.42), respectively. These coefficients
are all statistically significant at the 0.05 level. These
results demonstrate that the developing ENSO events
have strong linkages with summer hot weather in
these mid-latitude regions. A developing La Nina
event is linked to increased heat extremes in these
regions, while a developing El Nifo is associated with
decreased heat events.

To further demonstrate the relationships between
ENSO and hot extremes over the midlatitudes of
the Northern Hemisphere, we also present the scat-
ter plots of the TX90p/TN90p frequencies versus
the Nino3.4 index for individual years in figure 3.
As it shows, the Nino3.4—TX90p/TN90p relation-
ships are evident in a large majority of the indi-
vidual ENSO events being considered. The Nino3.4
index exhibits negative correlations (i.e. statistically
significant at the 0.05 level; see also table 1) with the
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Figure 2. Composite differences in (a) TX90p and (b) TN90p between La Nifna and El Nifio developing summers (i.e. La Nina
minus El Nifio). TX90p (TN90p) is defined as the number of days when the daily maximum (minimum) temperature exceeds its
90th percentile value. The white color indicates data missing. Black dots denote the significant differences at the 0.05 level. Three
dashed boxes from west to east indicate the regions of North America, Eastern Europe-Central Asia, and Northeast Asia,
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Table 1. Correlation coefficients of the JJA Nino3.4 index with summer heat extremes over three subregions of the Northern
Hemisphere (i.e. North America, Eastern Europe-Central Asia, and Northeast Asia, as indicated by the boxes in Figure 2) and the mean
detrended frequencies of heat extremes (unit: day) during the summers of developing La Nina/El Nifio during 1951—2019. All

correlation coefficients are significant at the 0.05 level.

Correlation coefficients
with the JJA Nifio3.4 index

Frequencies in the summers of
developing La Nifia/El Nifio

Region TX90p TN90p TX90p TN9Op

North America —0.41 —0.43 +1.33/—1.60 +1.55/—1.44
Eastern Europe—Central Asia —0.28 —0.28 +1.81/—1.64 +1.35/—1.42
Northeast Asia —0.34 —0.42 +2.07/-1.15 +1.01/-1.39

TX90p/TN90p frequencies, and most developing El
Nino (La Nina) events are accompanied by decreased
(increased) TX90p/TN90p frequencies.

To highlight the contrast between the La Nifo
and El Nifio developing summers, boxplots of sum-
mer TX90p and TN90p frequencies averaged over
North American, Eastern Europe-Central Asia, and
Northeast Asia are also constructed. The boxplot
results are shown in figure 4 and the mean detrended
frequencies of summer TX90p and TN90p during the
La Nifo and El Nifio developing summers are tab-
ulated in table 1. Over North America, the regional
mean frequency of TX90p (TN90p) is 1.33(1.55) days
higher during the summer of developing La Nifia and
1.60 (1.44) days lower during the El Nifio develop-
ing summer. Also, both TX90p and TN90p extremes
become more (less) frequent in the La Nina (El Nifio)

developing summer in Eastern Europe—Central and
Northeast Asia.

Figure 5 shows the probability distribution func-
tions (PDFs) of gridded daily Tmax and Tmin anom-
alies in three selected regions during El Nifio and La
Nifia. The PDF curves of daily Tmax/Tmin anom-
alies in all three regions during La Nifia developing
summer (blue curves) tend to be shifted to the right
of their counterparts during El Nifio (red curves),
thus indicating more frequent occurrences of posit-
ive temperature anomalies during La Nina as com-
pared to El Nifio. On the other hand, the skewness
of the red and blue curves are not noticeably differ-
ent from each other. These findings demonstrate that
the more frequent hot extremes during La Nifia devel-
oping summers than El Nifio summers is mainly due
to the lateral translation of the distribution curves for
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Figure 3. Scatter plots of the JJA Nifio3.4 index versus the regional mean of the detrended frequencies of summer TX90p and
TN90p averaged in North America (left), Eastern Europe—Central Asia (middle), and Northeast Asia (right). Red and blue dots
indicate the selected developing El Nifio and La Nifa years, respectively.
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Figure 4. Boxplots of the detrended frequencies of summer TX90p and TN90p during La Nifia (blue) and El Nifio (red)
developing summers in North America (left), Eastern Europe—Central Asia (middle), and Northeast Asia (right).

various temperature anomalies, rather than a change temperature as a response to ENSO events have also
in the shape of these distributions. This PDF shift been found by Arblaster and Alexander (2012). By
can lead to a dramatic increase in the frequency of using both observations and model simulations, they
high temperature extremes, as shown in the shad- showed that the mean and frequency distribution of
ings of figure 5. Similar shifts in the distribution of maximum daily temperature (TXx) in Australia and

5
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Figure 5. Probability distribution function (PDF) of gridded daily Tmax and Tmin anomalies in North America (left), Eastern
Europe-Central Asia (middle), and Northeast Asia (right), during La Nifa (blue) and El Nifio (red) developing summers. Shading

indicates where Tmax/Tmin exceeds its 95th percentile value.

the USA are significantly different during El Nifio
events compared to La Nifia events.

3.2. Atmospheric circulation changes and physical
mechanisms
The above results show that many mid-latitude
zones of the Northern Hemisphere experience more
frequent summer extreme heat weather during La
Nifna than El Nifo developing phases. To highlight
the atmospheric circulation changes associated with
developing ENSO events, we construct the compos-
ite maps for the difference in geopotential height
and horizontal wind between the developing La Nifia
and El Nifio summers (i.e. La Nifia minus El Nifo).
These maps can enhance our understanding of how
the developing ENSO events are linked to summer
extreme heat events in the Northern Hemisphere.
The differences in 200 hPa geopotential height
between the developing La Nifa and El Nifio sum-
mers are depicted in figure 6(a). Developing ENSO
events are evidently coincident with prominent atmo-
spheric circulation changes in the middle latitudes
of the Northern Hemisphere. During developing La
Nifia (El Nifo) events, upper-level height anom-
alies are predominantly positive (negative) over mid-
latitudes, whereas negative (positive) anomalies are
discernible over tropical regions and parts of high
latitudes. The strongest signals of 200 hPa height in
developing ENSO events appear over North America,
Central Asia, Northeast Asia, and North Pacific. These
sites correspond well with the locations of increased
summer heat extremes (recall figure 2). During the
summer of developing La Nina (El Nifio) events, sea-
sonal mean anomaly pattern tend to be more (less)
persistent under the influence of positive (negative)

height anomalies, thus increasing (decreasing) the
probability of extreme weather events such as heat-
waves and drought (Lau and Nath 2012, Stefanon et al
2012, Schaller et al 2018).

It is also noted that the positive height anom-
aly centers appearing over the northern mid-latitudes
and extending from North Pacific, North America,
Eastern Europe—Central Asia, and Northeast Asia,
collectively constitute a zonal wave-like pattern along
the westerly jet (figure 6(a)). This zonal feature
resembles the circumglobal teleconnection (CGT)
pattern during boreal summer, one of the domin-
ant modes of interannual variability in the upper
troposphere in the northern extratropics (Ding and
Wang 2005). It has been suggested that the CGT pat-
tern is linked to positive rainfall anomalies over the
Indian summer monsoon region and that a posit-
ive CGT pattern likely occurs during a developing
La Nifia summer (Ding and Wang 2005, Ding et al
2011, Lee et al 2014). CGT is strongly influenced by
the ENSO cycle in the summer of developing La Nina
or El Nifa events, especially in recent decades after
the 1970s (Wang et al 2012, Lee and Ha 2015). A
recent study also demonstrated that the CGT mode
is an important tool for enhancing the skill of sum-
mertime seasonal forecasts for the European sector
(Beverley et al 2019).

CGT plays an important role in transferring the
influence of tropical thermal forcing to the Northern
Hemisphere extratropics (Ding et al 2011, Lee et al
2014). The tropical SST anomaly during develop-
ing ENSO summers drives a strong zonally symmet-
ric seesaw pattern in the tropics and extratropics,
triggering a tropical—extratropical teleconnection
(Ding et al 2011). Meanwhile, ENSO may modulate
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the 0.05 level.

Figure 6. Composite difference in geopotential height at (a) 200, (b) 500, and (c) 925 hPa between La Nifia and El Nifio
developing summers (i.e. La Nifia minus El Nifio). Dash (solid) thick contour denotes negative (positive) differences significant at

180 (m)

60E 120E

the rainfall anomalies in tropics and the Northern
Hemisphere monsoons (e.g. Indian summer mon-
soon), which in turn acts to excite the wave com-
ponents of the CGT pattern (Ding and Wang 2005,
Ding et al 2011). A recent study by Wen et al (2019)
also suggested that the SST anomalies induce vertical
motion-related upper-level vorticity perturbation
over the central-eastern tropical Pacific, and this per-
turbation enables a Rossby wave propagating into the
waveguide of the subtropical jet and then to remote
mid-latitude regions in the CGT wave train.

The height pattern associated with developing
ENSO events at the 500 hPa level (figure 6(b)) is
similar to that at 200 hPa. Although the anomalies
are slightly weaker at 500 hPa than at 200 hPa, the
areas of North America, Central Asia, and North-
east Asia are prominently covered by positive height

anomalies. Slightly enhanced height anomalies at the
925 hPa level prevail over the regions of North Pacific,
North Atlantic, and Northeast Asia (figure 6(c)).
In some regions such as Central Asia, the sign
in geopotential height anomaly shifts from posit-
ive in the upper troposphere to negative in the
lower troposphere, indicating a baroclinic response
(Tang et al 2013).

In addition to the responses of anomalous height
fields, the wind field is also strongly affected by
developing ENSO events (figure 7). During the sum-
mer of developing La Nifia, anomalous anticyclonic
flows are distributed at the middle and upper tro-
posphere over western and eastern coastal regions of
North America, Eastern Europe—Central Asia, and
Northeast Asia (figures 7(a)—(b)). These anticyclones
correspond well with positive height anomaly
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(a) 200-hPa Wind (La Nina minus EI Nino)
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centers over the mid-latitudes (figure 6). The
enhanced upper-tropospheric height and anom-
alous anticyclones are favorable for a persistent
weather environment (Fink etal 2004, Tang et al
2013, Lau and Nath 2014), thereby supporting the
occurrence of heat extremes in these areas. Also, the
anomalous upper-level westerly flow appears along
much of higher latitudes, and easterly appears over
lower latitudes (figure 7(a)). This pattern suggests a
general northward shift of the jet stream in most areas
of northern mid-latitudes associated with developing
La Nina events. As reported by Wang and Zhang
(2002), during a developing La Nifia (El Nifo), the
East Asian trough seems to be shallower (deeper)
than normal, and with this abnormal shallowing

(deepening), the upper westerly jet extends poleward
(equatorward).

To further elucidate the mechanisms under-
lying the circulation features, we present geopo-
tential height and wind differences at the 925hPa
level between the La Nina and El Nifio developing
summers (figures 6(c) and 7(c)). Although the height
anomalies at 925 hPa are smaller and less expansive
than those at 200 hPa and 500 hPa, the spatial patterns
are very similar. An exception is Central Asia, where
negative 925 hPa height anomalies are observed. At
925 hPa, anomalous anticyclonic circulations appear
over North Pacific, North Atlantic and Europe,
and Northeast Asia. These increased (decreased)
geopotential height and anomalous anticyclone
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Figure 8. As figure 2 but for the Eastern-Pacific (EP; left panel) and Central-Pacific (CP; right panel) ENSO events.
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events is based on Wu et al (2019).

Figure 9. As figure 2 but for 1 year ENSO (left panel) and 2 year ENSO (right panel) events. The classification of 1 and 2 year

0 1 2 3 4 5

(cyclone) at the lower atmosphere in association with
developing La Nifnia (El Nifo) forcing can lead to
more (less) persistent weather conditions that favor
extreme summer heat events in the mid-latitude
Northern Hemisphere.

4. Conclusion and discussion

In this study, we demonstrate that there are strong
linkages between developing ENSO events and sum-
mer weather patterns in northern continents. On the
basis of the composite analysis of the summers of
developing La Nifia and El Nifio events, we find that
many northern mid-latitude regions (particularly
North America, Eastern Europe—Central Asia, and
Northeast Asia) experience more (less) frequent sum-
mer extreme heat weathers during the La Nifa
(El Nifio) developing phases. These general features
are in accord with the association of a CGT pattern
with ENSO forcing.

Further examinations of atmospheric circula-
tion changes accompanying ENSO suggest that,
during the summer of developing La Nifia, the
CGT and upper-level flow patterns are character-
ized by increased geopotential height and anom-
alous anticyclonic circulations over North Pacific,
North America, Eastern Europe—Central Asia, and
Northeast Asia. The upper-level jet stream over mid-
latitudes is shifted poleward. Such atmospheric cir-
culation changes are associated with more persistent
weather conditions that favor extreme summer heat
events. Conversely, less frequent heat extremes occur
in these areas during the El Nifio developing sum-
mer due to opposite changes in the atmospheric cir-
culation. Model simulations in previous studies (e.g.
Ding et al (2011), and Lee et al (2014)) also demon-
strated that developing ENSO favors the circumglobal
teleconnection (CGT) pattern which plays an import-
ant role in conveying the influences of tropical SST
forcing to remote regions over the extratropical
Northern Hemisphere. As our analyses are based on
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observational (i.e. GHCNDEX) and reanalysis data-
set, it is also of great interest to examine the linkages
further in model simulations in future work.

Previous studies show that ENSO events have pro-
found influences on extreme events around the world
in the decaying summers (Kenyon and Hegerl 2008,
Arblaster and Alexander 2012, Loikith and Broccoli
2014, Lin et al 2018, Loughran et al 2019, Luo and Lau
2019, Zhao et al 2019). For example, Arblaster and
Alexander (2012) analyzed both observational data
(i.e. HadEX2) and climate model simulations. They
suggested that extreme maximum temperatures over
Australia, southern Asia, Canada, and South Africa
are significantly cooler in decaying La Nifa events
than in El Nifio events; whereas the temperatures
over the contiguous United States and southern South
America are significantly warmer. The results of our
present study extend the scope of these previous stud-
ies by demonstrating strong linkages between devel-
oping ENSO and summer extreme weather in the
Northern Hemisphere.

Recently, the Modoki central Pacific (CP) ENSO
characterized by SST anomalies in the tropical central
Pacific has attracted attention (Ashok and Yamagata
2009, Lee and Mcphaden 2010, Ren and Jin 2011).
Compared with the conventional eastern Pacific (EP)
ENSO, CP-ENSO has different influences on climate
variations in some regions (Kao and Yu 2009, Kim
and Yu 2012, Gao et al 2020a, Gao et al 2020b). Here
we follow Ren and Jin (2011), Ren et al (2018) and
Gao et al (2020a) to classify the selected developing
ENSO summers into EP and CP types (see also fig-
ure 1), and examine the composite difference maps of
summer heat extremes for CP-ENSO and EP-ENSO
(see figure 8). As figure 8 shows, EP-ENSO and CP-
ENSO exhibit a similar spatial pattern of the response
of heat extremes in northern midlatitudes. In par-
ticular, positive anomalies of hot extremes appear
over the regions of North America, Eastern Europe-
Central Asia, and Northeast Asia.

In addition to the spatial pattern of ENSO events,
different durations of ENSO events have also been
noticed in previous studies (Okumura and Deser
2010, Choi et al 2013, Wu et al 2019). Adopting the
definition of Wu et al (2019), we classify the selected
ENSO years into 1 year and 2 year categories (see their
figure 1), and compare the TX90p/TN90p changes
associated with these two categories (figure 9). We
find that the TX90p/TN90p responses to the two
ENSO categories generally exhibit a similar spatial
pattern. Some regional differences can also be found.
Compared with 2 year ENSO, 1 year ENSO events
tend to have stronger influences on TX90p/TN90p
over Eastern Europe—Central Asia than 2 year ENSO;
whereas, 2 year ENSO poses stronger responses over
North America than 1 year ENSO.

Although there is much to learn about the inter-
action between tropical SST and mid-latitudes, our
study provides evidence linking tropical ENSO events
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with summer extreme weather in Northern Hemi-
sphere mid-latitudes. The analyses of our study indic-
ate that, in addition to decaying ENSO events, devel-
oping ENSO is also an important factor affecting
summer extreme heat events in northern continents.
SST patterns are often predictable several months
ahead and can affect the climate in local and remote
regions, thereby the oceanic patterns of climate vari-
ability (e.g. ENSO) are an important source of sea-
sonal climate prediction and forecast (Barnston and
Smith 1996, Chen et al 2011, Patricola et al 2017).
Our understanding of the linkage between climate
extremes and developing ENSO events implies some
predictability of the midlatitude climate in the ENSO
developing stage from the SST prediction in the
coupled ocean-atmosphere-land models and helps to
improve the skill in seasonal forecasts and future pro-
jections of summer extreme events.
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