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What are Heat Waves?
• Heat wave: unusually hot weather 

lasting at least a few days. 
Definition is relative to normal 
conditions; thresholds of 
temperature & duration vary from 
region to region. 

Two-year-old Kaori Renè cooled off in the water sprinklers at 
Herbert Von King Park in Brooklyn on Sunday.  Yana Paskova for NYTimes

Kerissa Jenkins of Covey Rise Farms 
trying to keep her poultry cool in 
Randor, Ohio. Maddie McGarvey for NYTimes

https://www.nytimes.com/2019/07/20/us/what-a-heat-wave-looks-like.html
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region to region. 

• Thresholds: absolute (e.g., 
maximum daily temperature > 
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• Severe heat waves are natural 
disasters. Lead to failure of 
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https://www.nytimes.com/2020/07/15/climate/siberia-heat-wave-climate-change.html

That Siberian Heat Wave? Yes, 
Climate Change Was a Big Factor

An analysis of recent record temperatures 
found that climate change made this year’s 
long hot spell 600 times more likely.

The smoldering remains of a forest fire in the Yakutia region of Siberia in June. 
Yevgeny Sofroneyev\TASS, via Getty Images;  NYTimes

Heat Waves in the news

https://www.nytimes.com/2020/07/15/climate/siberia-heat-wave-climate-change.html
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Chen (2020). In May–June the opposite connection holds: higher pressure gives more sunshine, which 
increases temperature. We indeed find above-normal sea-level pressure during these months in the study 
area, although the deviations are small. Persistence of the high temperature anomalies is enhanced 
during these last months due to earlier snow melt (Figure 4). The bare soil absorbs more solar radiation 
and hence causes higher temperatures. 

The synoptic development that led to the record temperatures in Verkhoyansk (Figure 2) was initially 
associated with the blocking of the subpolar jet by a persistent low over Central Siberia which happened 
on 06-08 June 2020 resulting in the formation of a moderately high pressure ridge over eastern Siberia 
(somewhat east of Verkhoyansk). This pattern likely originated from a cut-off of the North Pacific 
anticyclone and could be considered to have pre-conditioned the high temperature anomaly in the 
second part of June. This pattern was characterized by z500 exceeding 558 gpm and MSLP being 1013-
1014 at max. Notably daily maximum temperatures increased to 27.8-28.0 °C on 08 June. After 12 June 
this center started to grow, expanding over much of Eastern Siberia (including Verkhoyansk). 
Meanwhile the local temperature experienced a short-term decrease during 09-12 June (daily maxima 
being 10 to 20 ºC) which might be associated with the air-mass transport from the Sea of Okhotsk. 
Starting from 16-17 June this high pressure center was under the influence of the intense transport of 
the tropical air masses associated with propagation of the tropical high pressure ridge from the south 
northeastward. Some earlier studies (e.g. Chol and Ahn 2019) report potential association of such 
development with the impact of Asian monsoon in spring-early summer time. This resulted in forming 
a sustained high pressure pattern centered a bit eastward of Verkhoyansk with a maximum z500 located 
between the Lena and Indigirka rivers exceeding 580 gpm and providing an advection of very hot air 
from the south. Notably this high pressure system was not as obvious in the surface pressure which 
revealed moderately high values of 1014-1018 hPa between 18 and 25 June when the maximum surface 
temperatures reached 36-38 ºC. The local high pressure center started to slightly decay after 27-28 June 
being shifted westward over Central northern Siberia. 

 

Figure 1: ERA5 near surface temperature (T2m) anomalies [℃ ] for Jan-Jun 2020. Reference period: 
1981-2010. The rectangle represents the study region at 60-75°N, 60-180°E. 

 

Figure 1: ERA5 near surface temperature (T2m) anomalies 
[°C ] for Jan-Jun 2020. Reference period: 1981-2010. The 
rectangle represents the study region at 60-75°N, 60-180°E. 

https://www.worldweatherattribution.org/wp-content/uploads/WWA-Prolonged-heat-Siberia-2020.pdf

https://www.nytimes.com/2020/07/15/climate/siberia-heat-wave-climate-change.html

That Siberian Heat Wave? Yes, 
Climate Change Was a Big Factor

An analysis of recent record temperatures 
found that climate change made this year’s 
long hot spell 600 times more likely.

The smoldering remains of a forest fire in the Yakutia region of Siberia in June. 
Yevgeny Sofroneyev\TASS, via Getty Images;  NYTimes

Heat Waves in the news

https://www.worldweatherattribution.org/wp-content/uploads/WWA-Prolonged-heat-Siberia-2020.pdf
https://www.nytimes.com/2020/07/15/climate/siberia-heat-wave-climate-change.html


Global Warming Science 101, Heat waves, Eli Tziperman

4 

Chen (2020). In May–June the opposite connection holds: higher pressure gives more sunshine, which 
increases temperature. We indeed find above-normal sea-level pressure during these months in the study 
area, although the deviations are small. Persistence of the high temperature anomalies is enhanced 
during these last months due to earlier snow melt (Figure 4). The bare soil absorbs more solar radiation 
and hence causes higher temperatures. 

The synoptic development that led to the record temperatures in Verkhoyansk (Figure 2) was initially 
associated with the blocking of the subpolar jet by a persistent low over Central Siberia which happened 
on 06-08 June 2020 resulting in the formation of a moderately high pressure ridge over eastern Siberia 
(somewhat east of Verkhoyansk). This pattern likely originated from a cut-off of the North Pacific 
anticyclone and could be considered to have pre-conditioned the high temperature anomaly in the 
second part of June. This pattern was characterized by z500 exceeding 558 gpm and MSLP being 1013-
1014 at max. Notably daily maximum temperatures increased to 27.8-28.0 °C on 08 June. After 12 June 
this center started to grow, expanding over much of Eastern Siberia (including Verkhoyansk). 
Meanwhile the local temperature experienced a short-term decrease during 09-12 June (daily maxima 
being 10 to 20 ºC) which might be associated with the air-mass transport from the Sea of Okhotsk. 
Starting from 16-17 June this high pressure center was under the influence of the intense transport of 
the tropical air masses associated with propagation of the tropical high pressure ridge from the south 
northeastward. Some earlier studies (e.g. Chol and Ahn 2019) report potential association of such 
development with the impact of Asian monsoon in spring-early summer time. This resulted in forming 
a sustained high pressure pattern centered a bit eastward of Verkhoyansk with a maximum z500 located 
between the Lena and Indigirka rivers exceeding 580 gpm and providing an advection of very hot air 
from the south. Notably this high pressure system was not as obvious in the surface pressure which 
revealed moderately high values of 1014-1018 hPa between 18 and 25 June when the maximum surface 
temperatures reached 36-38 ºC. The local high pressure center started to slightly decay after 27-28 June 
being shifted westward over Central northern Siberia. 

 

Figure 1: ERA5 near surface temperature (T2m) anomalies [℃ ] for Jan-Jun 2020. Reference period: 
1981-2010. The rectangle represents the study region at 60-75°N, 60-180°E. 

 

Figure 1: ERA5 near surface temperature (T2m) anomalies 
[°C ] for Jan-Jun 2020. Reference period: 1981-2010. The 
rectangle represents the study region at 60-75°N, 60-180°E. 

https://www.worldweatherattribution.org/wp-content/uploads/WWA-Prolonged-heat-Siberia-2020.pdf

5 

 
Figure 2: Daily maximum temperature (TX) observations [°C] from January-June 2020 at station 
Verkhoyansk with positive and negative departures from the 1981-2010 climatological mean shaded 
red and blue respectively. TX peaks at 38℃ on June 20. 
 
 
 
 
 

 
 
Figure 3: Sea-level pressure anomalies [Pa] in January–April 2020 (left) and May-June 2020 (right). 
Source: ERA5. 
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https://www.youtube.com/watch?v=pluxAS6w9_8 

Arctic Siberian town hit with record heatwave

youtube disclaimer: “Al Jazeera is funded in whole or in part by the Qatari government: https://en.wikipedia.org/wiki/Al_Jazeera"

https://www.youtube.com/watch?v=pluxAS6w9_8
https://www.youtube.com/watch?v=pluxAS6w9_8
https://en.wikipedia.org/wiki/Al_Jazeera
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https://www.nytimes.com/interactive/2021/08/11/climate/deaths-pacific-northwest-heat-wave.html 

Source: Goddard model, NASA. Shown: air 
temperature at 2 m above ground, June 27, 2020, 
compared to the average for the same day 2014–2020.

Hidden Toll of the Northwest Heat Wave: Hundreds of Extra Deaths 
NYTimes Aug. 11, 2021

https://www.nytimes.com/interactive/2021/08/11/climate/deaths-pacific-northwest-heat-wave.html
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Source: Centers for Disease Control and Prevention. Deaths in recent 
weeks are most likely undercounted because of lags in reporting.
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Source: Centers for Disease Control and Prevention. Deaths in recent 
weeks are most likely undercounted because of lags in reporting.

Source: Morbidity and Mortality Weekly Report, C.D.C. 
Data comes from the U.S. Department of Health and 
Human Services Region 10, which includes Oregon, 
Washington, Idaho, and Alaska.
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Source: Centers for Disease Control and Prevention. Deaths in recent 
weeks are most likely undercounted because of lags in reporting.

Source: Morbidity and Mortality Weekly Report, C.D.C. 
Data comes from the U.S. Department of Health and 
Human Services Region 10, which includes Oregon, 
Washington, Idaho, and Alaska.

“During the deadly heat wave that blanketed 
Oregon and Washington in late June, about 
600 more people died than would have been 
typical, a review of mortality data for the 
week of the crisis shows. 

The number is three times as high as the 
states’ official estimates of heat-related 
deaths so far. It suggests that the true toll 
of the heat wave, which affected states and 
provinces across the Pacific Northwest, may 
be much larger than previously reported.”

https://www.nytimes.com/interactive/2021/08/11/climate/deaths-pacific-northwest-heat-wave.html 

Source: Goddard model, NASA. Shown: air 
temperature at 2 m above ground, June 27, 2020, 
compared to the average for the same day 2014–2020.

Hidden Toll of the Northwest Heat Wave: Hundreds of Extra Deaths 
NYTimes Aug. 11, 2021

https://www.nytimes.com/2021/06/27/us/heat-wave-seattle-portland.html
https://www.nytimes.com/interactive/2021/08/11/climate/deaths-pacific-northwest-heat-wave.html
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Heat Waves in the Age of Climate Change: Longer, More 
Frequent and More Dangerous

https://www.nytimes.com/2019/07/18/climate/heatwave-climate-change.html

Heat Waves in the news

https://www.nytimes.com/2019/07/18/climate/heatwave-climate-change.html
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Heat Waves in the Age of Climate Change: Longer, More 
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Climate change makes heat 
waves more frequent

“… a warming of 1C … can lead to a 10-fold 

increase in the frequency of 100 degree days 

in NYC for example,” said Dr. Mann. … since 

the 1960s the average number of heat waves 

— two or more consecutive days where daily 

lows exceeded historical July-August 

temperatures — in 50 major American cities 

has tripled… from two per year in the 1960s 

to current average of nearly six per year.

Heat Waves in the news
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Heat Waves in the news

Heat deaths may soon surpass deaths from cold weather

https://www.nytimes.com/2019/07/18/climate/heatwave-climate-change.html
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https://www.nytimes.com/interactive/2017/07/28/climate/more-frequent-extreme-summer-heat.html 

“It’s Not Your Imagination. 
Summers Are Getting Hotter.” 

 NADJA POPOVICH & ADAM PEARCE  JULY 28, 2017, NYTimes

Summer temperatures 
in the Northern Hemisphere

Heat Waves in the news

https://www.nytimes.com/interactive/2017/07/28/climate/more-frequent-extreme-summer-heat.html
https://www.nytimes.com/by/nadja-popovich
https://www.nytimes.com/by/adam-pearce
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Heat waves: goals

Our goal is to understand the following issues: 

• Mechanism of heat waves 

• Health effects, in particular heat stress and the role of humidity 

• Learning to interpret heat wave statistics in a changing climate
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Workshop #1 

The Siberian heat wave of summer 2020  
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Notes section 13.1 
Mechanism of Heat Waves 

(use following slides)
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Mechanism of Heat Waves
1. Persistent high pressure aloft leads to subsidence and thus to a warming of the sinking air.  
2. High pressure diverts precipitating storms, preventing soil moistening & latent heat cooling.  
3. The warming of the air due to the subsidence lowers its relative humidity and leads to 

cloud-free clear sky which allows more short wave radiation to reach the surface.  
4. The clear sky also enhances the radiative cooling of air and strengthens the subsidence.  
5. Lack of precipitation in the previous rainy season, and resulting drier soil, enhance the 

occurrence of heat waves by reducing cooling via surface evaporation/latent heat flux.  
6. Surface winds bring warm air: from warmer lower latitudes, from high to low elevation 

(warming via subsidence), or from warm continental interior to coastal heat wave region. 
7. Subsidence prevents atmospheric convection & mixing of surface air with stronger upper 

atmosphere winds. This lowers surface winds and weakens surface evaporation & cooling. 13.2 Physical processes 209

Figure 13.1: Analysis of heat waves in a climate model run, over the
central plains of North America for latitudes 40 � q � 37 and longitudes
�95 � f ��102, marked by white rectangles in the figures. Shown are
averaged fields over periods corresponding to heat waves (that is, heat
wave composites) where a heat wave is defined as the daily maximum
temperature being above 39°C for at least 3 days. (a) Maximum daily
surface temperature (Tmax) anomaly (deviation from the August mean) and
surface winds. (b) Sea-level pressure anomaly and surface wind anomalies.
(c) Geopotential height anomaly at 500 hPa and winds at 200 hPa. (d) Net
surface short wave radiation anomaly and anomaly winds at 200 hPa. Note
that panels a,c show the surface and 200 hPa wind fields averaged over heat
wave events, while b,d show the deviation of these wind fields from their
August means.

to the Coriolis force, as discussed for droughts in section 12.3, and for the
reverse case of the flow around a low pressure in the context of hurricanes
(section 8.2). The diversion of the large-scale upper atmospheric wind by
the high pressure center aloft prevents precipitating storms from reaching
the area under the high pressure, keeping the soil dry. Dry soil exacerbates
heat waves, as it does not allow the ground to cool via the evaporation
of soil moisture (latent heat flux). This means that a precipitation deficit
during the recent rainy season can also lead to more/stronger heat waves
during the warm season.

The high pressure aloft also leads to subsidence (sinking air) and there-
fore to an adiabatic warming of the sinking air as it encounters higher
pressure levels while descending, and therefore warms, increasing the sur-

13.2 Physical processes 209
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central plains of North America for latitudes 40 � q � 37 and longitudes
�95 � f ��102, marked by white rectangles in the figures. Shown are
averaged fields over periods corresponding to heat waves (that is, heat
wave composites) where a heat wave is defined as the daily maximum
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surface winds. (b) Sea-level pressure anomaly and surface wind anomalies.
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surface short wave radiation anomaly and anomaly winds at 200 hPa. Note
that panels a,c show the surface and 200 hPa wind fields averaged over heat
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August means.

to the Coriolis force, as discussed for droughts in section 12.3, and for the
reverse case of the flow around a low pressure in the context of hurricanes
(section 8.2). The diversion of the large-scale upper atmospheric wind by
the high pressure center aloft prevents precipitating storms from reaching
the area under the high pressure, keeping the soil dry. Dry soil exacerbates
heat waves, as it does not allow the ground to cool via the evaporation
of soil moisture (latent heat flux). This means that a precipitation deficit
during the recent rainy season can also lead to more/stronger heat waves
during the warm season.

The high pressure aloft also leads to subsidence (sinking air) and there-
fore to an adiabatic warming of the sinking air as it encounters higher
pressure levels while descending, and therefore warms, increasing the sur-

geopotential height

Heat flux composite over great plains in a climate model
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Effects of a regional high pressure 
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Effects of a regional high pressure 
High sea level pressure: (1) diverts rain storms 
(2) causes subsidence and therefore drying
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Effects of a regional high pressure 

https://blog.weatherops.com/how-does-subsidence-affect-weather

High sea level pressure: (1) diverts rain storms 
(2) causes subsidence and therefore drying
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Mechanism of Heat Waves
1. Persistent high pressure aloft leads to subsidence and thus to a warming of the sinking air.  
2. High pressure diverts precipitating storms, preventing soil moistening & latent heat cooling.  
3. The warming of the air due to the subsidence lowers its relative humidity and leads to 

cloud-free clear sky which allows more short wave radiation to reach the surface.  
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to the Coriolis force, as discussed for droughts in section 12.3, and for the
reverse case of the flow around a low pressure in the context of hurricanes
(section 8.2). The diversion of the large-scale upper atmospheric wind by
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of soil moisture (latent heat flux). This means that a precipitation deficit
during the recent rainy season can also lead to more/stronger heat waves
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pressure levels while descending, and therefore warms, increasing the sur-
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Heat wave lasted Jan–June, with peak 
temperatures in June. Mechanisms are different 
for Jan–Apr (stratospheric polar vortex, Arctic 
Oscillation) and for May–June.
“The 2020 Siberian heat wave” Overland & Wang 2020; DOI: 10.1002/joc.6850 

influence (Ciavarella et al., 2020) https://www.
worldweatherattribution.org/wp-content/uploads/WWA-
Prolonged-heat-Siberia-2020.pdf

Extreme weather events in the Arctic and subarctic
continue based on their magnitudes. Both winter 2016
and 2018 had extensive Arctic areas with near surface air

FIGURE 1 (a–f) Low level atmospheric air temperature anomalies (!C) at 925 hPa during January through June 2020. (g–l)
Geopotential height (contours) and winds anomaly vectors at 700 hPa, and (m–r) 100 hPa geopotential height (contours) and anomalies
(colours). Anomalies are relative to a 1981–2010 baseline. Data source: NCEP-NCAR reanalysis (ftp://ftp.cdc.noaa.gov/Datasets/ncep.
reanalysis.derived/ [Colour figure can be viewed at wileyonlinelibrary.com]

2 OVERLAND AND WANG

Example observed event: Siberian 2020 heat wave

low-level temperature 700 hPa winds and 
geopotential height

100 hPa  height & anomaliesJan
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Example observed event: Siberian 2020 heat wave

low-level temperature 700 hPa winds and 
geopotential height

100 hPa  height & anomalies

The connection from SPV, through tropospheric tem-
perature advection, to regional heat wave temperature
anomalies has multiple contributions. Yet such an attri-
bution can be shown by a regression of near surface tem-
peratures (925 hPa) onto the AO index (Figure 4). The

multi-year regression shows the main features of winter-
early spring 2020: an extensive positive relation from
Europe through East Asia and a bimodal maxima distri-
bution over Europe and East Asia. Eurasian surface air
temperature anomalies have also been shown to be
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FIGURE 3 Historical Arctic oscillation (AO) index time series for January–April average. Index from NOAA Climate Prediction Center
(CPC) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Regression of 925 hPa
air temperatures on the January–April
mean value of the AO. Air temperature
based on NCAR/NCEP reanalysis and
AO from Climate Prediction Center for
1950–2019. Image provided by the
NOAA-ESRL Physical Sciences
Laboratory, Boulder Colorado from their
web site at https://psl.noaa.gov/. https://
www.psl.noaa.gov/cgi-bin/data/testdap/
corr.pl [Colour figure can be viewed at
wileyonlinelibrary.com]
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associated with the persistence of large-scale atmospheric
circulation anomaly patterns over the North Atlantic and
Eurasia, featuring a combination of the North Atlantic
Oscillation (NAO)/AO and the Scandinavian pattern
(SCA), from winter to spring (Gong et al., 2019; Wu and
Chen, 2020). NAO was greater than 1.0 for January–
March 2020 and SCA was strongly negative (negative
heights over Scandinavia and correlated with positive
Siberian temperatures) for January–May 2020.

Figure 5 provides the historical regional surface air
temperature (2 m) anomalies over Siberia (60–72.5!N,
60–140!E) for January–April. Although 1989 and 1990
(large AO years, Figure 3) have positive temperature
anomalies, 2020 is the only year with a regional average
temperature anomaly greater than 3.0!C; this maximum
supports Ciavarella et al. (2020) that 2020 regional Sibe-
rian temperature maximum had an additional contribu-
tion from global warming beyond the dynamic
contribution from SPV. Also note the multiple low tem-
peratures before 1980.

4 | MAY–JUNE 2020

Although May–June 2020 show similar Siberian warm
air temperature maxima as earlier in the year, there is a
different mix of mechanisms responsible for the two
types of anomalous warmth, with the SPV setting the
proximate forcing for January–April temperatures and
its weakening in for May–June (Figures 1 and 2). For
May the centre of the jet stream cyclonic geopotential
height minimum at 700 hPa remains over the Atlantic
side of the Arctic (Figure 1k). Higher geopotential
heights build in from the south (May) or northeast Asia
(June) (Figure 1k,j). During June this orients warm air
over the Siberian coastal Arctic with positive tempera-
ture advection from the southwest over the Sea of the
Okhotsk.

5 | SUMMARY

The Verhojansk June temperature record is a continua-
tion of the broader Siberian winter/spring heat wave
that represents a major Arctic event. It is an example
of random weather added to the ongoing Arctic tem-
perature amplification and provides a new extreme
observation (Ciavarella et al., 2020). The vertically con-
nected SPV and tropospheric jet stream in January–
April 2020 provided the atmospheric dynamic feature
that supported the eastward and localized northward
warm air advection for the temperature anomalies. The
high geopotential heights over Asia contributed to the
set up for the record June Arctic Siberian temperature.
The SPV and jet stream congruence was associated
with a record AO during January–April that contrib-
uted to heat wave persistence (Deser et al., 2007; Wu
and Chen, 2020).

The Siberian heat wave is an example of meteoro-
logical events that depend on the sum of Arctic Ampli-
fication and temperature advection from the variability
of jet stream/SPV driven wind patterns over the
subarctic. Record events such as the 4 month persistent
temperature anomaly will not occur every year or in
all Arctic or midlatitude locations, but one can expect
that they will occasionally reoccur over the next
decades. A basic science issue is whether there will be a
change in the frequency or duration of atmospheric
circulation events due to Arctic change. The dynamics
will mostly remain due to internal instabilities (Deser
et al., 2007; Woollings et al., 2018). Based on the sin-
gle 2020 spike in the positive AO in 2020, and the sepa-
ration of historical circulation patterns from AA
(Overland et al., 2019b), current data suggests a negative
answer to the change in the frequency question with no
proven trend in circulation (Screen and Simmonds, 2014;
Cohen et al., 2018, 2020; Francis et al., 2018; Blackport
and Screen, 2020).
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FIGURE 5 Historical regional surface air temperature anomalies at 2 m over Siberia (60–72.5!N, 60–140!E) for January–April. Data
source: NCEP-NCAR reanalysis (ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis.derived/ [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 5 Historical regional surface air temperature anomalies at 2 m over Siberia (60–72.5!N, 60–140!E) for January–April. Data
source: NCEP-NCAR reanalysis (ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis.derived/ [Colour figure can be viewed at
wileyonlinelibrary.com]
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temperature anomalies of >6.0!C, almost twice as large
as previous anomalies (1981–2010 climatology)
(Overland et al., 2019a). In 2018, unusual meteorological
events caught the public's attention with reports of win-
tertime temperatures warming to near the freezing point
at the North Pole. Sea ice reduction during summers
2007, 2012, 2016, 2019 and 2020 were the top five minima
of September sea-ice cover. A feature of these events and
the Siberian heat wave is that they do not occur every
year, suggesting a random component related to chaotic
atmospheric dynamics, rather than a steady change of
Arctic Amplification (Dai et al., 2019) due to thermody-
namic processes. Here we investigate the unusual
strength of the stratospheric polar vortex (SPV) and the
associated tropospheric jet stream during early 2020 as
the proximate cause for the persistent winter–spring 2020
Siberian heat wave.

2 | 2020 JET STREAM AND POLAR
VORTEX PATTERNS

The monthly tropospheric jet stream pattern based on
the 700 hPa geopotential height field for January–March
(Figure 1g–i, contours) imply strong zonal winds across
north central Siberia. The contribution to the strengthen-
ing of the jet stream over Siberia is due to the low geo-
potential height feature over the Arctic and ridging to the
south over southern Siberia. There are month to month
differences in the waviness of the 700 hPa geopotential
height field as highlighted by the 700 hPa geopotential
height contours (solid blue curves) and anomaly wind
patterns shown by the arrows in Figure 1g–l. Southerly
wind components are especially noted in February and
April over central Siberia. January and March show
southwesterly winds over Europe and southerly winds
over eastern Asia. These monthly differences in winds,

showing different temperature advection regimes, corre-
spond to the regional monthly differences in maximum
temperature anomalies in Figure 1a–f.

The geopotential height and anomaly pattern for the
stratospheric polar vortex (SPV) at 100 hPa is shown in
Figure 1m–r (right column). The polar vortex is strong
from January through April with dark blue shading of
negative height anomalies centred over the North Pole
with extensive areal coverage. Low Arctic geopotential
heights from the lower stratosphere to the troposphere
show a near vertically-consistent meridional circulation
features/height anomalies that lead to the month to month
variations in the 700 hPa winds and the near surface tem-
perature anomaly fields. This vertical alignment is further
shown by the daily time series of the standardized polar
cap geopotential height anomaly for early 2020 calculated
at each level, averaged over 65–90!N (Figure 2). Such ver-
tical alignment and adjustment has been noted in the
atmospheric literature (Blackmon et al., 1977; Hoskins
et al., 1985; Deser et al., 2007; Garfinkel et al., 2013).

3 | COMPARISONS WITH
CLIMATOLOGY

January–April 2020 represents one of the strongest SPV,
and can be represented by its tropospheric correlate, the
Arctic Oscillation (AO; Thompson et al., 2002). As noted
by Thompson et al., surface pressure of the AO index is a
favourable index of the overlying air mass and the SPV,
especially during the 2020 case where the SPV is centred
on the Pole. The time series of the four-month average
January–April AO is shown in Figure 3. The years 1989,
1990, and 2020 stand out as major years with the index
twice as large as other positive AO years (values of 1.9,
2.3 2.3). 2020 corresponds to the negative 100 hPa geo-
potential anomaly fields in Figure 1m–p.
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FIGURE 2 The January–June 2020 daily time series of the normalized geopotential height anomalies at different atmospheric levels
averaged over 65–90!N. Anomalies are calculated by subtracting 1981–2010 daily climatology, averaged over the polar cap, and normalized
by the 1981–2010 daily standard deviation. Data from the NCEP/NCAR reanalysis [Colour figure can be viewed at wileyonlinelibrary.com]
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reanalysis.derived/ [Colour figure can be viewed at wileyonlinelibrary.com]

2 OVERLAND AND WANG

low-level temperature 700 hPa winds and 
geopotential height

Example observed event: Siberian 2020 heat wave

Heat wave lasted Jan–June, with peak 
temperatures in June. Mechanisms are different 
for Jan–Apr (stratospheric polar vortex, Arctic 
Oscillation) and for May–June.
“The 2020 Siberian heat wave” Overland & Wang 2020; DOI: 10.1002/joc.6850 

temperature anomalies of >6.0!C, almost twice as large
as previous anomalies (1981–2010 climatology)
(Overland et al., 2019a). In 2018, unusual meteorological
events caught the public's attention with reports of win-
tertime temperatures warming to near the freezing point
at the North Pole. Sea ice reduction during summers
2007, 2012, 2016, 2019 and 2020 were the top five minima
of September sea-ice cover. A feature of these events and
the Siberian heat wave is that they do not occur every
year, suggesting a random component related to chaotic
atmospheric dynamics, rather than a steady change of
Arctic Amplification (Dai et al., 2019) due to thermody-
namic processes. Here we investigate the unusual
strength of the stratospheric polar vortex (SPV) and the
associated tropospheric jet stream during early 2020 as
the proximate cause for the persistent winter–spring 2020
Siberian heat wave.

2 | 2020 JET STREAM AND POLAR
VORTEX PATTERNS

The monthly tropospheric jet stream pattern based on
the 700 hPa geopotential height field for January–March
(Figure 1g–i, contours) imply strong zonal winds across
north central Siberia. The contribution to the strengthen-
ing of the jet stream over Siberia is due to the low geo-
potential height feature over the Arctic and ridging to the
south over southern Siberia. There are month to month
differences in the waviness of the 700 hPa geopotential
height field as highlighted by the 700 hPa geopotential
height contours (solid blue curves) and anomaly wind
patterns shown by the arrows in Figure 1g–l. Southerly
wind components are especially noted in February and
April over central Siberia. January and March show
southwesterly winds over Europe and southerly winds
over eastern Asia. These monthly differences in winds,

showing different temperature advection regimes, corre-
spond to the regional monthly differences in maximum
temperature anomalies in Figure 1a–f.

The geopotential height and anomaly pattern for the
stratospheric polar vortex (SPV) at 100 hPa is shown in
Figure 1m–r (right column). The polar vortex is strong
from January through April with dark blue shading of
negative height anomalies centred over the North Pole
with extensive areal coverage. Low Arctic geopotential
heights from the lower stratosphere to the troposphere
show a near vertically-consistent meridional circulation
features/height anomalies that lead to the month to month
variations in the 700 hPa winds and the near surface tem-
perature anomaly fields. This vertical alignment is further
shown by the daily time series of the standardized polar
cap geopotential height anomaly for early 2020 calculated
at each level, averaged over 65–90!N (Figure 2). Such ver-
tical alignment and adjustment has been noted in the
atmospheric literature (Blackmon et al., 1977; Hoskins
et al., 1985; Deser et al., 2007; Garfinkel et al., 2013).

3 | COMPARISONS WITH
CLIMATOLOGY

January–April 2020 represents one of the strongest SPV,
and can be represented by its tropospheric correlate, the
Arctic Oscillation (AO; Thompson et al., 2002). As noted
by Thompson et al., surface pressure of the AO index is a
favourable index of the overlying air mass and the SPV,
especially during the 2020 case where the SPV is centred
on the Pole. The time series of the four-month average
January–April AO is shown in Figure 3. The years 1989,
1990, and 2020 stand out as major years with the index
twice as large as other positive AO years (values of 1.9,
2.3 2.3). 2020 corresponds to the negative 100 hPa geo-
potential anomaly fields in Figure 1m–p.
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FIGURE 2 The January–June 2020 daily time series of the normalized geopotential height anomalies at different atmospheric levels
averaged over 65–90!N. Anomalies are calculated by subtracting 1981–2010 daily climatology, averaged over the polar cap, and normalized
by the 1981–2010 daily standard deviation. Data from the NCEP/NCAR reanalysis [Colour figure can be viewed at wileyonlinelibrary.com]
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Excessive heat, a 'silent killer' 
Heat exhaustion or heatstroke? Know the 
signs of heat illness.

Health effects: wet bulb temperature & heat stress

https://www.noaa.gov/stories/excessive-heat-silent-killer

“Between 1999–2010, more than 7,400 people died from heat-related 
causes, an average of about 618 per year”

“Heat can be a silent killer 
because it doesn't topple 
trees or rip roofs off houses 
like tornadoes and 
hurricanes” Eli Jacks, chief of forecast 
services with NOAA’s National Weather Service
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Notes section 13.2 
Heat stress and the wet bulb temperature  

(use following slide)
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Health effects: wet bulb temperature & heat stress
•Heat waves can impact human health when the body is unable to maintain a healthy 

temperature: at a higher relative humidity the body cannot cool by evaporating sweat. 
•A measure of this effect: “wet bulb temperature” (WBT, Tw) defined as temperature that an air 

parcel would have if cooled adiabatically until its RH is 100%, by evaporation of water into it, 
where latent heat required for evaporation is supplied by the air parcel. 

•If RH=100%, T=WBT. If RH<100%, air parcel heat is used to supply needed latent heat of 
evaporation and parcel cools ➨ WBT < T.

•WBT in the current climate < 31 °C; humans & other mammals cannot survive under a long-
term exposure to WBT > 35 °C.

cpT +L·RH ·q∗(T) = cpTw +Lq∗(Tw) 
Parcel heat budget for calculating WBT:

(q(T)=RH ·q∗(T))
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Health effects: wet bulb temperature & heat stress

13.3 Future projections 213

Figure 13.2: The wet bulb temperature (°C) as function of temperature and
relative humidity.

the temperature signal of heat waves, it is good to keep in mind that the
relative humidity signal could be equally or even more important in terms
of impact on human health.

13.3 Future projections
It is no surprise that warming temperatures lead to more and stronger heat
waves, as more warm days are above the threshold amplitude and duration
used to define a heat wave in a given region. Figure 13.3 shows results from
an ensemble of 30 climate model runs, where from a very few cases of
going over a threshold of 40°C in the 1920s, the simulations shows summer
temperatures persistently above this threshold toward the end of the 21st
century. The blue curve shows the average over the 30 runs shown (i.e.,
the ensemble mean), and toward the end of the simulation even the mean
occasionally crosses the threshold.

One may calculate statistics characterizing heat waves over any given
decade, including their mean duration, mean amplitude, the averaged num-
ber of events per year, and the total number of heat wave days per year. All
of these measures show a very significant increase during the 21st century
according to the RCP8.5 scenario, as shown in Figure 13.4, consistent with
the maximum daily temperature time series shown in Figure 13.3.

The probability distribution function of the maximum daily temperature
in Figure 13.5a represents the probability of encountering a given value of
Tmax. It shows a shift of the pdf to the right in the latter parts of the 21st

Figure 13.2: Wet bulb temperature (°C) as 
function of temperature and relative 
humidity. Figure after Sherwood (2018).

•Heat waves can impact human health when the body is unable to maintain a healthy 
temperature: at a higher relative humidity the body cannot cool by evaporating sweat. 

•A measure of this effect: “wet bulb temperature” (WBT, Tw) defined as temperature that an air 
parcel would have if cooled adiabatically until its RH is 100%, by evaporation of water into it, 
where latent heat required for evaporation is supplied by the air parcel. 

•If RH=100%, T=WBT. If RH<100%, air parcel heat is used to supply needed latent heat of 
evaporation and parcel cools ➨ WBT < T.

•WBT in the current climate < 31 °C; humans & other mammals cannot survive under a long-
term exposure to WBT > 35 °C.

cpT +L·RH ·q∗(T) = cpTw +Lq∗(Tw) 
Parcel heat budget for calculating WBT:

(q(T)=RH ·q∗(T))
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Workshops #2a 

Heat stress and wet bulb temperature. 
[Leave 2b for HW]
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Understanding statistics of future heat wave projections

“Without human-caused climate change temperatures of 
40 °C in the UK would have been extremely unlikely” 

“Human-caused climate change made the event at least 
10 times more likely.” 

“The same event would be about 2 °C less hot in a 1.2 
°C cooler world”

https://www.worldweatherattribution.org/wp-content/uploads/UK-heat-scientific-report.pdf 

https://www.worldweatherattribution.org/wp-content/uploads/UK-heat-scientific-report.pdf
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Future projections, heat wave statistics

Figure 13.3: Maximum daily surface 
temperature over the great plains. 
Shown: results of 30 ensemble model 
runs 1920-2100, using observed 
greenhouse gas forcing until 2005, 
followed by RCP8.5 until 2100. 
Ensemble mean is shown in blue.  
Very few cases of going over a threshold 
of 40 °C in the 1920s, vs persistent 
summer temperatures above this 
threshold toward 2100. 
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Figure 13.3: Maximum daily surface temperature over the great plains
region marked by white rectangles in Figure 13.1. Shown are the results
of 30 ensemble climate model runs from 1920 to 2100, using historical
observed greenhouse gas forcing until 2005, followed by the RCP8.5
scenario until 2100. The three panels show time series of daily maximum
temperature during three 5-year periods starting in 1920, 2000 and 2095.
The ensemble mean is shown in blue. Note how from a very few cases
of going over a threshold of 40°C in the 1920s, the simulations shows
persistent summer temperatures above this threshold toward the end of the
21st century.

century relative to the beginning of the 20th century (compare blue to red
bars), corresponding to many more occurrences of high daily maximum
temperatures. Similarly, Figure 13.5b shows that heatwave events become
longer, with a longer tail suggesting many events with a duration of up
to 15 days. Finally, Figure 13.5c shows that the heat wave events are

Great plains example in a climate model:
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Understanding statistics of future heat wave projections

Heat waves are weather events occurring due to a combination of random 
(chaotic) circumstances/initial conditions. Their amplitude, duration, number of 
events per year, etc, can change in a warmer climate because the weather 
dynamics are different, or simply because the mean temperature is expected to 
be warmer. For example, there may be a shift from blue (preindustrial) to orange 
or to green green (or both, red). All options involve more hot days:

pr
ob

ab
ilit

y

Temperature

So which scenario will it be? How does one tell?

hot days
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shifted time series (green line) are nearly identical to those calculated from
the maximum daily temperatures from 2060–2100 time series (red bars).

The similarity of the heat wave statistics for the latter part of the 21st
century to those deduced from the early 20°C temperatures plus a constant
shift suggests that the physics of heat wave events does not change in this
warmer climate projection. Instead, it is simply the shift in the mean daily
maximum temperature that leads to the pattern of increased duration and
amplitude of heat wave events. Of course, this assumes that the model
simulation of future heat waves used for this analysis is reliable.
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Figure 13.5: Comparing preindustrial and RCP8.5 heat wave statistics.
(a) A probability distribution function for the simulated daily maximum
temperature for the period 1920–1960 over the great plains region marked
by white rectangles in Figure 13.1, and for 2060–2100 in an RCP8.5
warming scenario. (b) Probability distribution function for heat wave
duration, and (c) for average daily maximum temperature during heat wave
events. Shown are the PDFs for the simulated period of 1920–1960 in
blue, and for the projected period of 2060–2100 in red. The green line
represents the PDFs calculated from the 1920–1960 time series of daily
maximum temperatures, with an added constant temperature equal to the
mean difference between the periods of 1920–1960 and 2060–2100.

The probability of exceeding a given daily maximum temperature,
or a given duration or amplitude of a heat wave, can be estimated from
the corresponding cumulative distribution function (CDF), which is the
integral over the PDF, CDF(T ) =

R T
�• PDF(T )dT . The CDFs for the daily

maximum temperature for the early 20°C and late 21st century are shown in
Figure 13.6. The value of the CDF at a temperature Tmax is the probability
of finding temperature below that value. One minus that value therefore
provides the probability of finding temperatures above that value. From
the figure we deduce that the probability of exceeding say 40°C, during

Figure 13.5: Comparing preindustrial and RCP8.5 heat wave statistics.  
(a) A probability distribution function for simulated daily maximum temperature for 1920–1960 
over great plains region, and for 2060–2100 in an RCP8.5 warming scenario.  

PDFs for 1920–1960 are in blue, for projected 2060–2100 in red. Green:  PDFs calculated from 
1920–1960 time series of daily maximum temperatures, with an added constant temperature 
equal to the mean difference between 1920–1960 & 2060–2100. 
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Figure 13.5: Comparing preindustrial and RCP8.5 heat wave statistics.  
(a) A probability distribution function for simulated daily maximum temperature for 1920–1960 
over great plains region, and for 2060–2100 in an RCP8.5 warming scenario.  

PDFs for 1920–1960 are in blue, for projected 2060–2100 in red. Green:  PDFs calculated from 
1920–1960 time series of daily maximum temperatures, with an added constant temperature 
equal to the mean difference between 1920–1960 & 2060–2100. 

(b) Probability distribution function for heat wave duration. 
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PDFs for 1920–1960 are in blue, for projected 2060–2100 in red. Green:  PDFs calculated from 
1920–1960 time series of daily maximum temperatures, with an added constant temperature 
equal to the mean difference between 1920–1960 & 2060–2100. 

(b) Probability distribution function for heat wave duration. 
(c) PDF for average daily maximum temperature during heat wave events. 
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warmer climate projection. Instead, it is simply the shift in the mean daily
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(a) A probability distribution function for simulated daily maximum temperature for 1920–1960 
over great plains region, and for 2060–2100 in an RCP8.5 warming scenario.  
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1920–1960 time series of daily maximum temperatures, with an added constant temperature 
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(b) Probability distribution function for heat wave duration. 
(c) PDF for average daily maximum temperature during heat wave events. 

The similarity o
f the red and green curves indicates that the 

dynamics of weather events contributing to extreme heat 

waves did not change significantly. T
he shift of the mean 

temperature alone can explain most of the projected 

changes to heat wave statistics. 
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Projected change to extreme event statistics

Figure 13.6: The cumulative probability distribution function for the simulated daily 
maximum temperatures for the period 1920–1960 (blue), and for 2060–2100 in an 
RCP8.5 warming scenario (red) over the great plains region marked by white rectangles in 
Figure 13.1. The CDF shown by the green line is calculated as in Figure 13.5. 
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the entire year was 0.1% early in the 20th century, and is expected to
be about 5% late in the 21st century according to the RCP8.5 scenario.
These probabilities would be higher, of course, if only the summer months
are considered, but the increase in probability of occurrence of warm
temperature is robust and very significant.

Figure 13.6: The cumulative probability distribution function for the simu-
lated daily maximum temperatures for the period 1920–1960 (blue), and
for 2060–2100 in an RCP8.5 warming scenario (red) over the great plains
region marked by white rectangles in Figure 13.1. The CDF shown by the
green line is calculated as in Figure 13.5.

“Heat wave that occurred over XX is now 100 times more likely due to climate change”
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An event that was warmer 
than 99.9% of days is now 
warmer only more than 95% 
and therefore much more 
likely to happen. 

“Heat wave that occurred over XX is now 100 times more likely due to climate change”
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be about 5% late in the 21st century according to the RCP8.5 scenario.
These probabilities would be higher, of course, if only the summer months
are considered, but the increase in probability of occurrence of warm
temperature is robust and very significant.

Figure 13.6: The cumulative probability distribution function for the simu-
lated daily maximum temperatures for the period 1920–1960 (blue), and
for 2060–2100 in an RCP8.5 warming scenario (red) over the great plains
region marked by white rectangles in Figure 13.1. The CDF shown by the
green line is calculated as in Figure 13.5.

An event that was warmer 
than 99.9% of days is now 
warmer only more than 95% 
and therefore much more 
likely to happen. 
On the other hand, if the 
mean warming is 3 °C, this 
event is as likely to occur as 
an event that is 3 °C colder 
was likely to happen before 
the warming.

“Heat wave that occurred over XX is now 100 times more likely due to climate change”
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Understanding statistics of future heat wave projections I
“The heat wave that just occurred is now 10 times more likely due to climate change”

IPCC AR6 Ch 11: “Changes in extremes have been examined from two perspectives: changes in 
the frequency for a  given magnitude of extremes; or changes in the magnitude for a particular 
return period (frequency).”

Blue  is the probability that the daily maximum temperature was less than  during 
1920–1960. A value of 0.9999 means that the daily maximum temperature was above that range 
during 0.01% of the days. This means an event that exceeds  occurred (365*10)*0.0001=0.365 
days in a decade, which implies a return time of 10/0.365=27.4 years, which is the average wait 
time between such events.
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Understanding statistics of future heat wave projections I
“The heat wave that just occurred is now 10 times more likely due to climate change”

IPCC AR6 Ch 11: “Changes in extremes have been examined from two perspectives: changes in 
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return period (frequency).”
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1920–1960. A value of 0.9999 means that the daily maximum temperature was above that range 
during 0.01% of the days. This means an event that exceeds  occurred (365*10)*0.0001=0.365 
days in a decade, which implies a return time of 10/0.365=27.4 years, which is the average wait 
time between such events.

CDF(T ) T

T

Suppose the red CDF, for 2060–2100 for the same , is 0.999. This would imply a return time of 
2.74 years. A heat wave exceeding  would then become 10 times more likely to happen.

T
T

13.3 Future projections 217

the entire year was 0.1% early in the 20th century, and is expected to
be about 5% late in the 21st century according to the RCP8.5 scenario.
These probabilities would be higher, of course, if only the summer months
are considered, but the increase in probability of occurrence of warm
temperature is robust and very significant.

Figure 13.6: The cumulative probability distribution function for the simu-
lated daily maximum temperatures for the period 1920–1960 (blue), and
for 2060–2100 in an RCP8.5 warming scenario (red) over the great plains
region marked by white rectangles in Figure 13.1. The CDF shown by the
green line is calculated as in Figure 13.5.
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the entire year was 0.1% early in the 20th century, and is expected to
be about 5% late in the 21st century according to the RCP8.5 scenario.
These probabilities would be higher, of course, if only the summer months
are considered, but the increase in probability of occurrence of warm
temperature is robust and very significant.

Figure 13.6: The cumulative probability distribution function for the simu-
lated daily maximum temperatures for the period 1920–1960 (blue), and
for 2060–2100 in an RCP8.5 warming scenario (red) over the great plains
region marked by white rectangles in Figure 13.1. The CDF shown by the
green line is calculated as in Figure 13.5. Return time (years)
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plt.ylabel("Return time (yr)")
plt.xlabel("Daily maximum temperature");
plt.grid(lw=0.25)
plt.bar(Tmax_x,tau_return_1920,color="b");
plt.bar(Tmax_x,tau_return_2070,color="r",alpha=0.5);
plt.gca().set_yscale('log')
plt.xlim(25,48);

(e) Optional extra credit: calculate and plot the PDFs of daily maximum temperature, heat
wave duration and heat wave amplitudes following the above guidelines in item (b).

[9]: # calculate pdfs of Tmax, duration and amplitude for first and last decades,
# and for first decades plus a temperature shift:
# ---------------------------------------------------------------------
Tmax_threshold=273.15+39
Ndays_threshold=3 # make this an odd number
year_start=1920
year_end=1960
steps_per_file=[31390, 27375, 7300]

def getSizeOfNestedList(listOfElem):
""" Get number of elements in a nested list, from getSizeOfNestedList
https://thispointer.com/↪python-get-number-of-elements-in-a-list-lists-of-lists-or-nested-list/
"""
count = 0
# Iterate over the list
for elem in listOfElem:

# Check if type of element is list
if type(elem) == list:

# Again call this function to get the size of this element
count += getSizeOfNestedList(elem)

else:
count += 1

return count
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Understanding statistics of future heat wave projections II
“A heat wave that occurs every 10 years is now 2 degrees warmer than it used to be”

Blue  is the probability that the daily maximum temperature was less than  during 
1920–1960. Suppose the CDF is 0.9999 for  °C. this means that the temperature 
exceeds this temperature every 27.4 years, which is the average wait time between such events. 

Suppose the red CDF for 2060–2100 has the same value of 0.9999 for  °C. This implies 
that an event with a return time of 2.74 years is projected to be 3 °C warmer than it used to be. 
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T = 42

T = 45

IPCC AR6 Ch 11: “Changes in extremes have been examined from two perspectives: changes in 
the frequency for a  given magnitude of extremes; or changes in the magnitude for a particular 
return period (frequency).”
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the entire year was 0.1% early in the 20th century, and is expected to
be about 5% late in the 21st century according to the RCP8.5 scenario.
These probabilities would be higher, of course, if only the summer months
are considered, but the increase in probability of occurrence of warm
temperature is robust and very significant.

Figure 13.6: The cumulative probability distribution function for the simu-
lated daily maximum temperatures for the period 1920–1960 (blue), and
for 2060–2100 in an RCP8.5 warming scenario (red) over the great plains
region marked by white rectangles in Figure 13.1. The CDF shown by the
green line is calculated as in Figure 13.5. Return time (years)
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plt.ylabel("Return time (yr)")
plt.xlabel("Daily maximum temperature");
plt.grid(lw=0.25)
plt.bar(Tmax_x,tau_return_1920,color="b");
plt.bar(Tmax_x,tau_return_2070,color="r",alpha=0.5);
plt.gca().set_yscale('log')
plt.xlim(25,48);

(e) Optional extra credit: calculate and plot the PDFs of daily maximum temperature, heat
wave duration and heat wave amplitudes following the above guidelines in item (b).

[9]: # calculate pdfs of Tmax, duration and amplitude for first and last decades,
# and for first decades plus a temperature shift:
# ---------------------------------------------------------------------
Tmax_threshold=273.15+39
Ndays_threshold=3 # make this an odd number
year_start=1920
year_end=1960
steps_per_file=[31390, 27375, 7300]

def getSizeOfNestedList(listOfElem):
""" Get number of elements in a nested list, from getSizeOfNestedList
https://thispointer.com/↪python-get-number-of-elements-in-a-list-lists-of-lists-or-nested-list/
"""
count = 0
# Iterate over the list
for elem in listOfElem:

# Check if type of element is list
if type(elem) == list:

# Again call this function to get the size of this element
count += getSizeOfNestedList(elem)

else:
count += 1

return count
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Future projections: decadal statistics time series

Figure 13.4: Time series of decadal statistics of heat waves over the great plains area 
analyzed in Figure 13.1 from 1920 to 2100. (a) Averaged number of heat wave days per year. 
(b) Averaged maximum daily temperature in a heat wave. (c) Averaged number of heat waves 
per year. (d) Averaged heat wave duration in days. 

(great plains)

----1

---0

---+1

Figure 13.5: Projected heat wave statistics.
Time series of decadal statistics of heat waves over the Great Plains area analyzed in Figure 13.2
from 1920 to 2100. (a) Averaged number of heat wave days per year. (b) Averaged maximum
daily temperature in a heat wave. (c) Averaged number of heat waves per year. (d) Averaged
heat wave duration in days.

Tmax. That is, PDF.T/�T is the probability of finding a maximum daily tem-
perature in the range of .T;T C �T/. It shows a shift of the PDF to the right
in the latter parts of the 21st century relative to the beginning of the 20th cen-
tury (compare blue to red bars), corresponding to many more occurrences of
high daily maximum temperatures. Similarly, Figure 13.6b shows that heatwave
events become longer, with a longer tail suggesting many events with a duration
of up to 15 days. Finally, Figure 13.6c shows that the heat wave events are char-
acterized by a larger averaged amplitude in a projected warm climate than at the
beginning of the 20th century. The particular numerical values for the statistics
of duration, amplitude, and frequency of heatwave events depend on the thresh-
old parameters used to define heat waves, but the overall trend of increasing
duration and amplitude in a warmer climate is, of course, very robust.

The shifts in the characteristics of heat waves could, in principle, be due to
two possible effects. First, the increase in the mean temperature with warming
means that extreme thresholds are crossed more frequently. Second, there may
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Heat wave composite analysis in the region of your city of birth
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Figure 13.1: Heat waves in a climate model run, over latitudes 40 ≥ θ ≥ 37 and longitudes −95 ≥ 
φ ≥ −102, marked by white rectangles in the figures. Shown are averaged fields over periods 
corresponding to heat waves (that is, heat wave composites) where a heat wave is defined as the 
daily maximum temperature being above 39°C for at least 3 days. (a) Maximum daily surface 
temperature (Tmax) anomaly (deviation from the August mean) and surface winds. (b) Sea-level 
pressure anomaly and surface wind anomalies. (c) Geopotential height anomaly at 500 hPa and 
winds at 200 hPa. (d) Net surface short wave radiation anomaly and anomaly winds at 200 hPa. 
Note that panels a,c show the surface and 200 hPa wind fields averaged over heat wave events, 
while b,d show the deviation of these wind fields from their August means. 

13.2 Physical processes 209

Figure 13.1: Analysis of heat waves in a climate model run, over the
central plains of North America for latitudes 40 � q � 37 and longitudes
�95 � f ��102, marked by white rectangles in the figures. Shown are
averaged fields over periods corresponding to heat waves (that is, heat
wave composites) where a heat wave is defined as the daily maximum
temperature being above 39°C for at least 3 days. (a) Maximum daily
surface temperature (Tmax) anomaly (deviation from the August mean) and
surface winds. (b) Sea-level pressure anomaly and surface wind anomalies.
(c) Geopotential height anomaly at 500 hPa and winds at 200 hPa. (d) Net
surface short wave radiation anomaly and anomaly winds at 200 hPa. Note
that panels a,c show the surface and 200 hPa wind fields averaged over heat
wave events, while b,d show the deviation of these wind fields from their
August means.

to the Coriolis force, as discussed for droughts in section 12.3, and for the
reverse case of the flow around a low pressure in the context of hurricanes
(section 8.2). The diversion of the large-scale upper atmospheric wind by
the high pressure center aloft prevents precipitating storms from reaching
the area under the high pressure, keeping the soil dry. Dry soil exacerbates
heat waves, as it does not allow the ground to cool via the evaporation
of soil moisture (latent heat flux). This means that a precipitation deficit
during the recent rainy season can also lead to more/stronger heat waves
during the warm season.

The high pressure aloft also leads to subsidence (sinking air) and there-
fore to an adiabatic warming of the sinking air as it encounters higher
pressure levels while descending, and therefore warms, increasing the sur-

Composite analysis: Heat waves over central plains
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Observations and projections of heat waves
It is virtually certain that … heatwaves have become more frequent and intense across most land 
regions since the 1950s … high confidence that human-induced climate change is the main driver.

1523

Weather and Climate Extreme Events in a Changing Climate Chapter 11

11

At the global scale, and also at the regional scale to some extent, 
many of the changes in extremes are a! direct consequence of 
enhanced radiative forcing, and the associated global warming and/
or resultant increase in the water-holding capacity of the atmosphere, 
as well as changes in vertical stability and meridional temperature 
gradients that affect climate dynamics (see Box!11.1). Widespread 
observed and projected increases in the intensity and frequency of 
hot extremes, together with decreases in the intensity and frequency 
of cold extremes, are consistent with global and regional warming 
(Section!11.3 and Figure!11.2). Extreme temperatures on land tend 
to increase more than the global mean temperature (Figure!11.2), 
due in large part to the land–sea warming contrast, and additionally 
to regional feedbacks in some regions (Section!11.1.6). Increases in 
the intensity of temperature extremes scale robustly, and in general 
linearly, with global warming across different geographical regions 
in projections up to 2100, with minimal dependence on emissions 
scenarios (Section!11.2.4, Figure 11.3, and Cross-Chapter Box!11.1; 
Seneviratne et al., 2016; Wartenburger et al., 2017; Kharin et al., 
2018). The frequency of hot temperature extremes (see Figure!11.6), 
the number of heatwave days and the length of heatwave seasons 
in various regions also scale well, but nonlinearly (because of 
threshold effects, Section! 11.2.1), with global mean temperatures 
(Wartenburger et al., 2017; Y. Sun et al., 2018a). 

Changes in annual maximum one-day precipitation (Rx1day) are 
proportional to mean global surface temperature changes, at about 
7% increase per 1°C of warming, that is, following the Clausius–
Clapeyron relation (Box!11.1), both in observations (Westra et al., 
2013) and in future projections (Kharin et al., 2013) at the global 
scale. Extreme short-duration precipitation in North America also 
scales with global surface temperature (Prein et al., 2016b; C. Li et al., 
2019a). At the local and regional scales, changes in extremes are also 
strongly modulated and controlled by regional forcings and feedback 
mechanisms (Section! 11.1.6), whereby some regional forcings, for 

example, associated with changes in land cover and land use or 
aerosol emissions, can have non-local or some (non-homogeneous) 
global-scale effects. In general, there is high confidence in changes in 
extremes due to global-scale thermodynamic processes (i.e.,!global 
warming, mean moistening of the air) as the processes are well 
understood, while the confidence in those related to dynamic 
processes or regional and local forcing, including regional and local 
thermodynamic processes, is much lower due to multiple factors (see 
the following subsection and Box!11.1). 

Since AR5, the attribution of extreme weather events, or the 
investigation of changes in the frequency and/or magnitude of 
individual and local- and regional-scale extreme weather events due 
to various drivers (Section!11.2.3 and Cross-Working Group Box!1.1) 
has provided evidence that greenhouse gases and other external 
forcings have affected individual extreme weather events. The events 
that have been studied are geographically uneven. For example, 
extreme rainfall events in the UK (Schaller et al., 2016; Vautard et al., 
2016; Otto et al., 2018b) or heatwaves in Australia (King et al., 2014; 
Perkins-Kirkpatrick et al., 2016; Lewis et al., 2017b) have spurred more 
studies than other events. Many highly impactful extreme weather 
events have not been studied in the event attribution framework. 
Studies in the developing world are also generally lacking. This is due 
to various reasons (Section!11.2) including lack of observational data, 
lack of reliable climate models and other problems (Otto et al., 2020). 
While the events that have been studied are not representative of all 
extreme events that occurred, and results from these studies may also 
be subject to selection bias, the large number of event attribution 
studies provide evidence that changes in the properties of these 
local and individual events are in line with expected consequences 
of human influence on the climate and can be attributed to external 
drivers (Section! 11.9). Figure! 11.4 summarizes assessments of 
observed changes in temperature extremes, in heavy precipitation 
and in droughts, and their attribution in a!map form. 

Figure 11.2 | Time series of observed temperature anomalies for global average annual mean temperature (black), land average annual mean temperature 
(green), land average annual hottest daily maximum temperature (TXx, purple), and land average annual coldest daily minimum temperature (TNn, blue). 
Global and land mean temperature anomalies are relative to their 1850–1900 means and are based on the multi-product mean annual time series assessed in Section!2.3.1.1.3 
(see text for references). TXx and TNn anomalies are relative to their respective 1961–1990 means and are based on the HadEX3 dataset (Dunn et al., 2020) using values for 
grid boxes with at least 90% temporal completeness over 1961–2018. Further details on data sources and processing are available in the chapter data table (Table!11.SM.9).

Figure 11.2 | Observed global average annual 
mean temperature anomalies (black), land 
average annual mean (green), land average 
annual hottest daily maximum (TXx, purple), 
and land average annual coldest daily 
minimum (TNn, blue). 
Global and land mean anomalies are relative to 1850–1900. TXx and TNn are 
relative to 1961–1990.

IPCC AR6 2022
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or resultant increase in the water-holding capacity of the atmosphere, 
as well as changes in vertical stability and meridional temperature 
gradients that affect climate dynamics (see Box!11.1). Widespread 
observed and projected increases in the intensity and frequency of 
hot extremes, together with decreases in the intensity and frequency 
of cold extremes, are consistent with global and regional warming 
(Section!11.3 and Figure!11.2). Extreme temperatures on land tend 
to increase more than the global mean temperature (Figure!11.2), 
due in large part to the land–sea warming contrast, and additionally 
to regional feedbacks in some regions (Section!11.1.6). Increases in 
the intensity of temperature extremes scale robustly, and in general 
linearly, with global warming across different geographical regions 
in projections up to 2100, with minimal dependence on emissions 
scenarios (Section!11.2.4, Figure 11.3, and Cross-Chapter Box!11.1; 
Seneviratne et al., 2016; Wartenburger et al., 2017; Kharin et al., 
2018). The frequency of hot temperature extremes (see Figure!11.6), 
the number of heatwave days and the length of heatwave seasons 
in various regions also scale well, but nonlinearly (because of 
threshold effects, Section! 11.2.1), with global mean temperatures 
(Wartenburger et al., 2017; Y. Sun et al., 2018a). 

Changes in annual maximum one-day precipitation (Rx1day) are 
proportional to mean global surface temperature changes, at about 
7% increase per 1°C of warming, that is, following the Clausius–
Clapeyron relation (Box!11.1), both in observations (Westra et al., 
2013) and in future projections (Kharin et al., 2013) at the global 
scale. Extreme short-duration precipitation in North America also 
scales with global surface temperature (Prein et al., 2016b; C. Li et al., 
2019a). At the local and regional scales, changes in extremes are also 
strongly modulated and controlled by regional forcings and feedback 
mechanisms (Section! 11.1.6), whereby some regional forcings, for 

example, associated with changes in land cover and land use or 
aerosol emissions, can have non-local or some (non-homogeneous) 
global-scale effects. In general, there is high confidence in changes in 
extremes due to global-scale thermodynamic processes (i.e.,!global 
warming, mean moistening of the air) as the processes are well 
understood, while the confidence in those related to dynamic 
processes or regional and local forcing, including regional and local 
thermodynamic processes, is much lower due to multiple factors (see 
the following subsection and Box!11.1). 

Since AR5, the attribution of extreme weather events, or the 
investigation of changes in the frequency and/or magnitude of 
individual and local- and regional-scale extreme weather events due 
to various drivers (Section!11.2.3 and Cross-Working Group Box!1.1) 
has provided evidence that greenhouse gases and other external 
forcings have affected individual extreme weather events. The events 
that have been studied are geographically uneven. For example, 
extreme rainfall events in the UK (Schaller et al., 2016; Vautard et al., 
2016; Otto et al., 2018b) or heatwaves in Australia (King et al., 2014; 
Perkins-Kirkpatrick et al., 2016; Lewis et al., 2017b) have spurred more 
studies than other events. Many highly impactful extreme weather 
events have not been studied in the event attribution framework. 
Studies in the developing world are also generally lacking. This is due 
to various reasons (Section!11.2) including lack of observational data, 
lack of reliable climate models and other problems (Otto et al., 2020). 
While the events that have been studied are not representative of all 
extreme events that occurred, and results from these studies may also 
be subject to selection bias, the large number of event attribution 
studies provide evidence that changes in the properties of these 
local and individual events are in line with expected consequences 
of human influence on the climate and can be attributed to external 
drivers (Section! 11.9). Figure! 11.4 summarizes assessments of 
observed changes in temperature extremes, in heavy precipitation 
and in droughts, and their attribution in a!map form. 

Figure 11.2 | Time series of observed temperature anomalies for global average annual mean temperature (black), land average annual mean temperature 
(green), land average annual hottest daily maximum temperature (TXx, purple), and land average annual coldest daily minimum temperature (TNn, blue). 
Global and land mean temperature anomalies are relative to their 1850–1900 means and are based on the multi-product mean annual time series assessed in Section!2.3.1.1.3 
(see text for references). TXx and TNn anomalies are relative to their respective 1961–1990 means and are based on the HadEX3 dataset (Dunn et al., 2020) using values for 
grid boxes with at least 90% temporal completeness over 1961–2018. Further details on data sources and processing are available in the chapter data table (Table!11.SM.9).

Figure 11.2 | Observed global average annual 
mean temperature anomalies (black), land 
average annual mean (green), land average 
annual hottest daily maximum (TXx, purple), 
and land average annual coldest daily 
minimum (TNn, blue). 
Global and land mean anomalies are relative to 1850–1900. TXx and TNn are 
relative to 1961–1990.
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11in temperature extremes can deviate from projected changes in 
annual mean warming in the same regions (Figures 11.3, 11.A.1 and 
11.A.2; Di Luca et al., 2020b; Wehner, 2020) due to the additional 
processes that control the response of regional extremes, including, 
in particular, soil moisture–evapotranspiration–temperature 
feedbacks for hot extremes in the mid-latitudes and subtropical 
regions, and snow/ice–albedo–temperature feedbacks in high-
latitude regions. 

The probability of exceeding a! certain hot extreme threshold will 
increase, while those for cold extreme will decrease with global 
warming (B. Mueller et al., 2016; Lewis et al., 2017b; Suarez-
Gutierrez et al., 2020b). The changes tend to scale nonlinearly with 
the level of global warming, with larger changes for more rare 
events (Section!11.2.4; Cross-Chapter Box!11.11; Figures 11.6 and 
11.12; Fischer and Knutti, 2015; Kharin et al., 2018; Li et al., 2021). 
For! example, the CMIP5 ensemble projects the frequency of the 
present-day climate 20-year hottest daily temperature to increase 
by 80% at the 1.5°C GWL and by 180% at the 2.0°C GWL, and 
the frequency of the present-day climate 100-year hottest daily 
temperature to increase by 200% and more than 700% at the 1.5°C 
and 2.0°C warming levels, respectively (Kharin et al., 2018). CMIP6 
simulations project similar changes (Li et al., 2021).

Tebaldi and Wehner (2018) showed that, at the middle of 
the! 21st! century, 66% of the land surface area would experience 

the present-day 20-year return values of TXx and the running three-
day average of the daily maximum temperature every other year, on 
average, under the Representative Concentration Pathway 8.5 (RCP8.5) 
scenario, as opposed to only 34% under RCP4.5. By the end of the 
century, these area fractions increase to 92% and 62%, respectively. 
Such nonlinearities in the characteristics of future regional extremes are 
shown, for instance, for Europe (Dosio and Fischer, 2018; Spinoni et al., 
2018b; Lionello and Scarascia, 2020), Asia (Guo et al., 2017; Harrington 
and Otto, 2018b; King et al., 2018), and Australia (Lewis et al., 2017a) 
under various global warming thresholds. The nonlinear increase in 
fixed-threshold indices (e.g.,!based on a!percentile for a!given reference 
period, or on an absolute threshold) as a!function of global warming 
is consistent with a! linear warming of the absolute temperature of 
the temperature extremes (e.g.,!Whan et al., 2015). Compared to the 
historical climate, warming will result in strong increases in heatwave 
area, duration and magnitude (Vogel et al., 2020b). These changes are 
mostly due to the increase in mean seasonal temperature, rather than 
changes in temperature variability, though the latter can have an effect 
in some regions (Brown, 2020; Di Luca et al., 2020b; Suarez-Gutierrez 
et al., 2020a).

Projections of temperature-related extremes in RCMs in the CORDEX 
regions demonstrate robust increases under future scenarios and can 
provide information on finer spatial scales than GCMs (e.g.,!Coppola 
et al., 2021b). Five RCMs in the CORDEX–East Asia region project 
increases in the 20-year return values of temperature extremes 
(summer maxima), with models that exhibit warm biases projecting 
stronger warming (Park and Min, 2019). Similarly, in the African 
domain, future increases in TX90p and TN90p are projected (Dosio, 
2017; Mostafa et al., 2019). This regional-scale analysis provides 
fine-scale information, such as distinguishing the increase in TX90p 
over sub-equatorial Africa (Democratic Republic of the Congo, 
Angola, and Zambia) with values over the Gulf of Guinea, Central 
African Republic, South Sudan, and Ethiopia. Empirical statistical 
downscaling has also been used to produce more robust estimates 
for future heatwaves compared to RCMs based on large multi-model 
ensembles (Furrer et al., 2010; Keellings and Waylen, 2014; Wang 
et al., 2015; Benestad et al., 2018).

In all continental regions, including Africa (Table! 11.4), Asia 
(Table!11.7), Australasia (Table!11.10), Central and South America 
(Table!11.13), Europe (Table!11.16), North America (Table!11.19) and 
at the continental scale, it is very likely that the intensity and frequency 
of hot extremes will increase and the intensity and frequency of cold 
extremes will decrease compared with the 1995–2014 baseline, even 
under 1.5°C global warming. Those changes are virtually certain 
to occur under 4°C global warming. At the regional scale, and for 
almost all AR6 regions, it is likely that the intensity and frequency of 
hot extremes will increase and the intensity and frequency of cold 
extremes will decrease compared with the 1995–2014 baseline, 
even under 1.5°C global warming. Those changes are virtually 
certain to occur under 4°C global warming. Exceptions include lower 
confidence in the projected decrease in the intensity and frequency of 
cold extremes compared with the 1995–2014 baseline under 1.5°C 
of global warming (medium confidence) and 4°C of global warming 
(very likely) in Northern Central America, Central North America, and 
Western North America.

Figure 11.12 | Projected changes in the intensity of extreme temperature 
events under 1°C, 1.5°C, 2°C, 3°C, and 4°C global warming levels relative 
to the 1850–1900 baseline. Extreme temperature events are defined as the 
daily maximum temperatures (TXx) that were exceeded on average once during 
a!10-year period (10-year event, blue) and once during a!50-year period (50-year 
event, orange) during the 1850–1900 base period. Results are shown for the global 
land. For each box plot, the horizontal line and the box represent the median and 
central 66% uncertainty range, respectively, of the intensity changes across the 
multi-model ensemble, and the ‘whiskers’ extend to the 90% uncertainty range. 
The!results are based on the multi-model ensemble from simulations of global climate 
models contributing to the Coupled Model Intercomparison Project Phase 6!(CMIP6) 
under different Shared Socio-economic Pathway forcing scenarios. Adapted from 
Li!et al. (2021). Further details on data sources and processing are available in the 
chapter data table (Table!11.SM.9).

Figure 11.12 | Projected changes in extreme 
temperature events under different global 
warming levels relative to 1850–1900. 
Extreme temperature events are defined as the daily maximum temperatures (TXx) that were exceeded 
on average once during a 10-year period (10-year event, blue) and a 50-year period (orange) during 
1850–1900. Shown for global land. The horizontal line and box represent the median and central 66% 
uncertainty range across the multi-model CMIP6  ensemble; ‘whiskers’ indicate 90% range.
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At the global scale, and also at the regional scale to some extent, 
many of the changes in extremes are a! direct consequence of 
enhanced radiative forcing, and the associated global warming and/
or resultant increase in the water-holding capacity of the atmosphere, 
as well as changes in vertical stability and meridional temperature 
gradients that affect climate dynamics (see Box!11.1). Widespread 
observed and projected increases in the intensity and frequency of 
hot extremes, together with decreases in the intensity and frequency 
of cold extremes, are consistent with global and regional warming 
(Section!11.3 and Figure!11.2). Extreme temperatures on land tend 
to increase more than the global mean temperature (Figure!11.2), 
due in large part to the land–sea warming contrast, and additionally 
to regional feedbacks in some regions (Section!11.1.6). Increases in 
the intensity of temperature extremes scale robustly, and in general 
linearly, with global warming across different geographical regions 
in projections up to 2100, with minimal dependence on emissions 
scenarios (Section!11.2.4, Figure 11.3, and Cross-Chapter Box!11.1; 
Seneviratne et al., 2016; Wartenburger et al., 2017; Kharin et al., 
2018). The frequency of hot temperature extremes (see Figure!11.6), 
the number of heatwave days and the length of heatwave seasons 
in various regions also scale well, but nonlinearly (because of 
threshold effects, Section! 11.2.1), with global mean temperatures 
(Wartenburger et al., 2017; Y. Sun et al., 2018a). 

Changes in annual maximum one-day precipitation (Rx1day) are 
proportional to mean global surface temperature changes, at about 
7% increase per 1°C of warming, that is, following the Clausius–
Clapeyron relation (Box!11.1), both in observations (Westra et al., 
2013) and in future projections (Kharin et al., 2013) at the global 
scale. Extreme short-duration precipitation in North America also 
scales with global surface temperature (Prein et al., 2016b; C. Li et al., 
2019a). At the local and regional scales, changes in extremes are also 
strongly modulated and controlled by regional forcings and feedback 
mechanisms (Section! 11.1.6), whereby some regional forcings, for 

example, associated with changes in land cover and land use or 
aerosol emissions, can have non-local or some (non-homogeneous) 
global-scale effects. In general, there is high confidence in changes in 
extremes due to global-scale thermodynamic processes (i.e.,!global 
warming, mean moistening of the air) as the processes are well 
understood, while the confidence in those related to dynamic 
processes or regional and local forcing, including regional and local 
thermodynamic processes, is much lower due to multiple factors (see 
the following subsection and Box!11.1). 

Since AR5, the attribution of extreme weather events, or the 
investigation of changes in the frequency and/or magnitude of 
individual and local- and regional-scale extreme weather events due 
to various drivers (Section!11.2.3 and Cross-Working Group Box!1.1) 
has provided evidence that greenhouse gases and other external 
forcings have affected individual extreme weather events. The events 
that have been studied are geographically uneven. For example, 
extreme rainfall events in the UK (Schaller et al., 2016; Vautard et al., 
2016; Otto et al., 2018b) or heatwaves in Australia (King et al., 2014; 
Perkins-Kirkpatrick et al., 2016; Lewis et al., 2017b) have spurred more 
studies than other events. Many highly impactful extreme weather 
events have not been studied in the event attribution framework. 
Studies in the developing world are also generally lacking. This is due 
to various reasons (Section!11.2) including lack of observational data, 
lack of reliable climate models and other problems (Otto et al., 2020). 
While the events that have been studied are not representative of all 
extreme events that occurred, and results from these studies may also 
be subject to selection bias, the large number of event attribution 
studies provide evidence that changes in the properties of these 
local and individual events are in line with expected consequences 
of human influence on the climate and can be attributed to external 
drivers (Section! 11.9). Figure! 11.4 summarizes assessments of 
observed changes in temperature extremes, in heavy precipitation 
and in droughts, and their attribution in a!map form. 

Figure 11.2 | Time series of observed temperature anomalies for global average annual mean temperature (black), land average annual mean temperature 
(green), land average annual hottest daily maximum temperature (TXx, purple), and land average annual coldest daily minimum temperature (TNn, blue). 
Global and land mean temperature anomalies are relative to their 1850–1900 means and are based on the multi-product mean annual time series assessed in Section!2.3.1.1.3 
(see text for references). TXx and TNn anomalies are relative to their respective 1961–1990 means and are based on the HadEX3 dataset (Dunn et al., 2020) using values for 
grid boxes with at least 90% temporal completeness over 1961–2018. Further details on data sources and processing are available in the chapter data table (Table!11.SM.9).

Figure 11.2 | Observed global average annual 
mean temperature anomalies (black), land 
average annual mean (green), land average 
annual hottest daily maximum (TXx, purple), 
and land average annual coldest daily 
minimum (TNn, blue). 
Global and land mean anomalies are relative to 1850–1900. TXx and TNn are 
relative to 1961–1990.
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11in temperature extremes can deviate from projected changes in 
annual mean warming in the same regions (Figures 11.3, 11.A.1 and 
11.A.2; Di Luca et al., 2020b; Wehner, 2020) due to the additional 
processes that control the response of regional extremes, including, 
in particular, soil moisture–evapotranspiration–temperature 
feedbacks for hot extremes in the mid-latitudes and subtropical 
regions, and snow/ice–albedo–temperature feedbacks in high-
latitude regions. 

The probability of exceeding a! certain hot extreme threshold will 
increase, while those for cold extreme will decrease with global 
warming (B. Mueller et al., 2016; Lewis et al., 2017b; Suarez-
Gutierrez et al., 2020b). The changes tend to scale nonlinearly with 
the level of global warming, with larger changes for more rare 
events (Section!11.2.4; Cross-Chapter Box!11.11; Figures 11.6 and 
11.12; Fischer and Knutti, 2015; Kharin et al., 2018; Li et al., 2021). 
For! example, the CMIP5 ensemble projects the frequency of the 
present-day climate 20-year hottest daily temperature to increase 
by 80% at the 1.5°C GWL and by 180% at the 2.0°C GWL, and 
the frequency of the present-day climate 100-year hottest daily 
temperature to increase by 200% and more than 700% at the 1.5°C 
and 2.0°C warming levels, respectively (Kharin et al., 2018). CMIP6 
simulations project similar changes (Li et al., 2021).

Tebaldi and Wehner (2018) showed that, at the middle of 
the! 21st! century, 66% of the land surface area would experience 

the present-day 20-year return values of TXx and the running three-
day average of the daily maximum temperature every other year, on 
average, under the Representative Concentration Pathway 8.5 (RCP8.5) 
scenario, as opposed to only 34% under RCP4.5. By the end of the 
century, these area fractions increase to 92% and 62%, respectively. 
Such nonlinearities in the characteristics of future regional extremes are 
shown, for instance, for Europe (Dosio and Fischer, 2018; Spinoni et al., 
2018b; Lionello and Scarascia, 2020), Asia (Guo et al., 2017; Harrington 
and Otto, 2018b; King et al., 2018), and Australia (Lewis et al., 2017a) 
under various global warming thresholds. The nonlinear increase in 
fixed-threshold indices (e.g.,!based on a!percentile for a!given reference 
period, or on an absolute threshold) as a!function of global warming 
is consistent with a! linear warming of the absolute temperature of 
the temperature extremes (e.g.,!Whan et al., 2015). Compared to the 
historical climate, warming will result in strong increases in heatwave 
area, duration and magnitude (Vogel et al., 2020b). These changes are 
mostly due to the increase in mean seasonal temperature, rather than 
changes in temperature variability, though the latter can have an effect 
in some regions (Brown, 2020; Di Luca et al., 2020b; Suarez-Gutierrez 
et al., 2020a).

Projections of temperature-related extremes in RCMs in the CORDEX 
regions demonstrate robust increases under future scenarios and can 
provide information on finer spatial scales than GCMs (e.g.,!Coppola 
et al., 2021b). Five RCMs in the CORDEX–East Asia region project 
increases in the 20-year return values of temperature extremes 
(summer maxima), with models that exhibit warm biases projecting 
stronger warming (Park and Min, 2019). Similarly, in the African 
domain, future increases in TX90p and TN90p are projected (Dosio, 
2017; Mostafa et al., 2019). This regional-scale analysis provides 
fine-scale information, such as distinguishing the increase in TX90p 
over sub-equatorial Africa (Democratic Republic of the Congo, 
Angola, and Zambia) with values over the Gulf of Guinea, Central 
African Republic, South Sudan, and Ethiopia. Empirical statistical 
downscaling has also been used to produce more robust estimates 
for future heatwaves compared to RCMs based on large multi-model 
ensembles (Furrer et al., 2010; Keellings and Waylen, 2014; Wang 
et al., 2015; Benestad et al., 2018).

In all continental regions, including Africa (Table! 11.4), Asia 
(Table!11.7), Australasia (Table!11.10), Central and South America 
(Table!11.13), Europe (Table!11.16), North America (Table!11.19) and 
at the continental scale, it is very likely that the intensity and frequency 
of hot extremes will increase and the intensity and frequency of cold 
extremes will decrease compared with the 1995–2014 baseline, even 
under 1.5°C global warming. Those changes are virtually certain 
to occur under 4°C global warming. At the regional scale, and for 
almost all AR6 regions, it is likely that the intensity and frequency of 
hot extremes will increase and the intensity and frequency of cold 
extremes will decrease compared with the 1995–2014 baseline, 
even under 1.5°C global warming. Those changes are virtually 
certain to occur under 4°C global warming. Exceptions include lower 
confidence in the projected decrease in the intensity and frequency of 
cold extremes compared with the 1995–2014 baseline under 1.5°C 
of global warming (medium confidence) and 4°C of global warming 
(very likely) in Northern Central America, Central North America, and 
Western North America.

Figure 11.12 | Projected changes in the intensity of extreme temperature 
events under 1°C, 1.5°C, 2°C, 3°C, and 4°C global warming levels relative 
to the 1850–1900 baseline. Extreme temperature events are defined as the 
daily maximum temperatures (TXx) that were exceeded on average once during 
a!10-year period (10-year event, blue) and once during a!50-year period (50-year 
event, orange) during the 1850–1900 base period. Results are shown for the global 
land. For each box plot, the horizontal line and the box represent the median and 
central 66% uncertainty range, respectively, of the intensity changes across the 
multi-model ensemble, and the ‘whiskers’ extend to the 90% uncertainty range. 
The!results are based on the multi-model ensemble from simulations of global climate 
models contributing to the Coupled Model Intercomparison Project Phase 6!(CMIP6) 
under different Shared Socio-economic Pathway forcing scenarios. Adapted from 
Li!et al. (2021). Further details on data sources and processing are available in the 
chapter data table (Table!11.SM.9).

Figure 11.12 | Projected changes in extreme 
temperature events under different global 
warming levels relative to 1850–1900. 
Extreme temperature events are defined as the daily maximum temperatures (TXx) that were exceeded 
on average once during a 10-year period (10-year event, blue) and a 50-year period (orange) during 
1850–1900. Shown for global land. The horizontal line and box represent the median and central 66% 
uncertainty range across the multi-model CMIP6  ensemble; ‘whiskers’ indicate 90% range.
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Observations and projections of heat waves
It is virtually certain that … heatwaves have become more frequent and intense across most land 
regions since the 1950s … high confidence that human-induced climate change is the main driver.

“Future urbanization will amplify the projected air temperature change in cities regardless of 
the characteristics of the background climate, resulting in a warming signal on minimum 
temperatures that could be as large as the global warming signal (very high confidence).”
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At the global scale, and also at the regional scale to some extent, 
many of the changes in extremes are a! direct consequence of 
enhanced radiative forcing, and the associated global warming and/
or resultant increase in the water-holding capacity of the atmosphere, 
as well as changes in vertical stability and meridional temperature 
gradients that affect climate dynamics (see Box!11.1). Widespread 
observed and projected increases in the intensity and frequency of 
hot extremes, together with decreases in the intensity and frequency 
of cold extremes, are consistent with global and regional warming 
(Section!11.3 and Figure!11.2). Extreme temperatures on land tend 
to increase more than the global mean temperature (Figure!11.2), 
due in large part to the land–sea warming contrast, and additionally 
to regional feedbacks in some regions (Section!11.1.6). Increases in 
the intensity of temperature extremes scale robustly, and in general 
linearly, with global warming across different geographical regions 
in projections up to 2100, with minimal dependence on emissions 
scenarios (Section!11.2.4, Figure 11.3, and Cross-Chapter Box!11.1; 
Seneviratne et al., 2016; Wartenburger et al., 2017; Kharin et al., 
2018). The frequency of hot temperature extremes (see Figure!11.6), 
the number of heatwave days and the length of heatwave seasons 
in various regions also scale well, but nonlinearly (because of 
threshold effects, Section! 11.2.1), with global mean temperatures 
(Wartenburger et al., 2017; Y. Sun et al., 2018a). 

Changes in annual maximum one-day precipitation (Rx1day) are 
proportional to mean global surface temperature changes, at about 
7% increase per 1°C of warming, that is, following the Clausius–
Clapeyron relation (Box!11.1), both in observations (Westra et al., 
2013) and in future projections (Kharin et al., 2013) at the global 
scale. Extreme short-duration precipitation in North America also 
scales with global surface temperature (Prein et al., 2016b; C. Li et al., 
2019a). At the local and regional scales, changes in extremes are also 
strongly modulated and controlled by regional forcings and feedback 
mechanisms (Section! 11.1.6), whereby some regional forcings, for 

example, associated with changes in land cover and land use or 
aerosol emissions, can have non-local or some (non-homogeneous) 
global-scale effects. In general, there is high confidence in changes in 
extremes due to global-scale thermodynamic processes (i.e.,!global 
warming, mean moistening of the air) as the processes are well 
understood, while the confidence in those related to dynamic 
processes or regional and local forcing, including regional and local 
thermodynamic processes, is much lower due to multiple factors (see 
the following subsection and Box!11.1). 

Since AR5, the attribution of extreme weather events, or the 
investigation of changes in the frequency and/or magnitude of 
individual and local- and regional-scale extreme weather events due 
to various drivers (Section!11.2.3 and Cross-Working Group Box!1.1) 
has provided evidence that greenhouse gases and other external 
forcings have affected individual extreme weather events. The events 
that have been studied are geographically uneven. For example, 
extreme rainfall events in the UK (Schaller et al., 2016; Vautard et al., 
2016; Otto et al., 2018b) or heatwaves in Australia (King et al., 2014; 
Perkins-Kirkpatrick et al., 2016; Lewis et al., 2017b) have spurred more 
studies than other events. Many highly impactful extreme weather 
events have not been studied in the event attribution framework. 
Studies in the developing world are also generally lacking. This is due 
to various reasons (Section!11.2) including lack of observational data, 
lack of reliable climate models and other problems (Otto et al., 2020). 
While the events that have been studied are not representative of all 
extreme events that occurred, and results from these studies may also 
be subject to selection bias, the large number of event attribution 
studies provide evidence that changes in the properties of these 
local and individual events are in line with expected consequences 
of human influence on the climate and can be attributed to external 
drivers (Section! 11.9). Figure! 11.4 summarizes assessments of 
observed changes in temperature extremes, in heavy precipitation 
and in droughts, and their attribution in a!map form. 

Figure 11.2 | Time series of observed temperature anomalies for global average annual mean temperature (black), land average annual mean temperature 
(green), land average annual hottest daily maximum temperature (TXx, purple), and land average annual coldest daily minimum temperature (TNn, blue). 
Global and land mean temperature anomalies are relative to their 1850–1900 means and are based on the multi-product mean annual time series assessed in Section!2.3.1.1.3 
(see text for references). TXx and TNn anomalies are relative to their respective 1961–1990 means and are based on the HadEX3 dataset (Dunn et al., 2020) using values for 
grid boxes with at least 90% temporal completeness over 1961–2018. Further details on data sources and processing are available in the chapter data table (Table!11.SM.9).

Figure 11.2 | Observed global average annual 
mean temperature anomalies (black), land 
average annual mean (green), land average 
annual hottest daily maximum (TXx, purple), 
and land average annual coldest daily 
minimum (TNn, blue). 
Global and land mean anomalies are relative to 1850–1900. TXx and TNn are 
relative to 1961–1990.
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11in temperature extremes can deviate from projected changes in 
annual mean warming in the same regions (Figures 11.3, 11.A.1 and 
11.A.2; Di Luca et al., 2020b; Wehner, 2020) due to the additional 
processes that control the response of regional extremes, including, 
in particular, soil moisture–evapotranspiration–temperature 
feedbacks for hot extremes in the mid-latitudes and subtropical 
regions, and snow/ice–albedo–temperature feedbacks in high-
latitude regions. 

The probability of exceeding a! certain hot extreme threshold will 
increase, while those for cold extreme will decrease with global 
warming (B. Mueller et al., 2016; Lewis et al., 2017b; Suarez-
Gutierrez et al., 2020b). The changes tend to scale nonlinearly with 
the level of global warming, with larger changes for more rare 
events (Section!11.2.4; Cross-Chapter Box!11.11; Figures 11.6 and 
11.12; Fischer and Knutti, 2015; Kharin et al., 2018; Li et al., 2021). 
For! example, the CMIP5 ensemble projects the frequency of the 
present-day climate 20-year hottest daily temperature to increase 
by 80% at the 1.5°C GWL and by 180% at the 2.0°C GWL, and 
the frequency of the present-day climate 100-year hottest daily 
temperature to increase by 200% and more than 700% at the 1.5°C 
and 2.0°C warming levels, respectively (Kharin et al., 2018). CMIP6 
simulations project similar changes (Li et al., 2021).

Tebaldi and Wehner (2018) showed that, at the middle of 
the! 21st! century, 66% of the land surface area would experience 

the present-day 20-year return values of TXx and the running three-
day average of the daily maximum temperature every other year, on 
average, under the Representative Concentration Pathway 8.5 (RCP8.5) 
scenario, as opposed to only 34% under RCP4.5. By the end of the 
century, these area fractions increase to 92% and 62%, respectively. 
Such nonlinearities in the characteristics of future regional extremes are 
shown, for instance, for Europe (Dosio and Fischer, 2018; Spinoni et al., 
2018b; Lionello and Scarascia, 2020), Asia (Guo et al., 2017; Harrington 
and Otto, 2018b; King et al., 2018), and Australia (Lewis et al., 2017a) 
under various global warming thresholds. The nonlinear increase in 
fixed-threshold indices (e.g.,!based on a!percentile for a!given reference 
period, or on an absolute threshold) as a!function of global warming 
is consistent with a! linear warming of the absolute temperature of 
the temperature extremes (e.g.,!Whan et al., 2015). Compared to the 
historical climate, warming will result in strong increases in heatwave 
area, duration and magnitude (Vogel et al., 2020b). These changes are 
mostly due to the increase in mean seasonal temperature, rather than 
changes in temperature variability, though the latter can have an effect 
in some regions (Brown, 2020; Di Luca et al., 2020b; Suarez-Gutierrez 
et al., 2020a).

Projections of temperature-related extremes in RCMs in the CORDEX 
regions demonstrate robust increases under future scenarios and can 
provide information on finer spatial scales than GCMs (e.g.,!Coppola 
et al., 2021b). Five RCMs in the CORDEX–East Asia region project 
increases in the 20-year return values of temperature extremes 
(summer maxima), with models that exhibit warm biases projecting 
stronger warming (Park and Min, 2019). Similarly, in the African 
domain, future increases in TX90p and TN90p are projected (Dosio, 
2017; Mostafa et al., 2019). This regional-scale analysis provides 
fine-scale information, such as distinguishing the increase in TX90p 
over sub-equatorial Africa (Democratic Republic of the Congo, 
Angola, and Zambia) with values over the Gulf of Guinea, Central 
African Republic, South Sudan, and Ethiopia. Empirical statistical 
downscaling has also been used to produce more robust estimates 
for future heatwaves compared to RCMs based on large multi-model 
ensembles (Furrer et al., 2010; Keellings and Waylen, 2014; Wang 
et al., 2015; Benestad et al., 2018).

In all continental regions, including Africa (Table! 11.4), Asia 
(Table!11.7), Australasia (Table!11.10), Central and South America 
(Table!11.13), Europe (Table!11.16), North America (Table!11.19) and 
at the continental scale, it is very likely that the intensity and frequency 
of hot extremes will increase and the intensity and frequency of cold 
extremes will decrease compared with the 1995–2014 baseline, even 
under 1.5°C global warming. Those changes are virtually certain 
to occur under 4°C global warming. At the regional scale, and for 
almost all AR6 regions, it is likely that the intensity and frequency of 
hot extremes will increase and the intensity and frequency of cold 
extremes will decrease compared with the 1995–2014 baseline, 
even under 1.5°C global warming. Those changes are virtually 
certain to occur under 4°C global warming. Exceptions include lower 
confidence in the projected decrease in the intensity and frequency of 
cold extremes compared with the 1995–2014 baseline under 1.5°C 
of global warming (medium confidence) and 4°C of global warming 
(very likely) in Northern Central America, Central North America, and 
Western North America.

Figure 11.12 | Projected changes in the intensity of extreme temperature 
events under 1°C, 1.5°C, 2°C, 3°C, and 4°C global warming levels relative 
to the 1850–1900 baseline. Extreme temperature events are defined as the 
daily maximum temperatures (TXx) that were exceeded on average once during 
a!10-year period (10-year event, blue) and once during a!50-year period (50-year 
event, orange) during the 1850–1900 base period. Results are shown for the global 
land. For each box plot, the horizontal line and the box represent the median and 
central 66% uncertainty range, respectively, of the intensity changes across the 
multi-model ensemble, and the ‘whiskers’ extend to the 90% uncertainty range. 
The!results are based on the multi-model ensemble from simulations of global climate 
models contributing to the Coupled Model Intercomparison Project Phase 6!(CMIP6) 
under different Shared Socio-economic Pathway forcing scenarios. Adapted from 
Li!et al. (2021). Further details on data sources and processing are available in the 
chapter data table (Table!11.SM.9).

Figure 11.12 | Projected changes in extreme 
temperature events under different global 
warming levels relative to 1850–1900. 
Extreme temperature events are defined as the daily maximum temperatures (TXx) that were exceeded 
on average once during a 10-year period (10-year event, blue) and a 50-year period (orange) during 
1850–1900. Shown for global land. The horizontal line and box represent the median and central 66% 
uncertainty range across the multi-model CMIP6  ensemble; ‘whiskers’ indicate 90% range.
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Frequently Asked Questions  
FAQ 2.2 |  Have There Been Any Changes in Climate Extremes?

There is strong evidence that warming has lead to changes in temperature extremes—including heat waves—since 
the mid-20th century. Increases in heavy precipitation have probably also occurred over this time, but vary by 
region. However, for other extremes, such as tropical cyclone frequency, we are less certain, except in some limited 
regions, that there have been discernable changes over the observed record.

From heat waves to cold snaps or droughts to flooding rains, recording and analysing climate extremes poses 
unique challenges, not just because these events are rare, but also because they invariably happen in conjunction 
with disruptive conditions. Furthermore, there is no consistent definition in the scientific literature of what consti-
tutes an extreme climatic event, and this complicates comparative global assessments. 

Although, in an absolute sense, an extreme climate event will vary from place to place—a hot day in the tropics, 
for instance, may be a different temperature to a hot day in the mid-latitudes—international efforts to monitor 
extremes have highlighted some significant global changes. 

For example, using consistent definitions for cold 
(<10th percentile) and warm (>90th percentile) days 
and nights it is found that warm days and nights have 
increased and cold days and nights have decreased for 
most regions of the globe; a few exceptions being cen-
tral and eastern North America, and southern South 
America but mostly only related to daytime tempera-
tures. Those changes are generally most apparent in 
minimum temperature extremes, for example, warm 
nights. Data limitations make it difficult to establish 
a causal link to increases in average temperatures, 
but FAQ 2.2, Figure 1 indicates that daily global tem-
perature extremes have indeed changed. Whether 
these changes are simply associated with the average 
of daily temperatures increasing (the dashed lines in 
FAQ 2.2, Figure 1) or whether other changes in the 
distribution of daytime and nighttime temperatures 
have occurred is still under debate.

Warm spells or heat waves, that is, periods contain-
ing consecutive extremely hot days or nights, have 
also been assessed, but there are fewer studies of 
heat wave characteristics than those that compare 
changes in merely warm days or nights. Most global 
land areas with available data have experienced more 
heat waves since the middle of the 20th century. One 
exception is the south-eastern USA, where heat wave 
frequency and duration measures generally show 
decreases. This has been associated with a so-called 
‘warming hole’ in this region, where precipitation 
has also increased and may be related to interactions 
between the land and the atmosphere and long-term 
variations in the Atlantic and Pacific Oceans. Howev-
er, for large regions, particularly in Africa and South 
America, information on changes in heatwaves is 
 limited. 

For regions such as Europe, where historical temperature reconstructions exist going back several hundreds of 
years, indications are that some areas have experienced a disproportionate number of extreme heat waves in 
recent decades. (continued on next page)
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FAQ 2.2, Figure 1 |  Distribution of (a) daily minimum and (b) daily maxi-
mum temperature anomalies relative to a 1961–1990 climatology for two peri-
ods: 1951–1980 (blue) and 1981–2010 (red) using the HadGHCND data set. 
The shaded blue and red areas represent the coldest 10% and warmest 10% 
respectively of (a) nights and (b) days during the 1951–1980 period. The darker 
shading indicates by how much the number of the coldest days and nights has 
reduced (dark blue) and by how much the number of the warmest days and 
nights has increased (dark red) during the 1981–2010 period compared to the 
1951–1980 period. 

FAQ 2.2, Figure 1 | Distribution of (a) daily minimum and (b) daily 
maximum temperature anomalies relative to1961–1990 for: 1951–1980 
(blue) & 1981–2010 (red). Shaded blue and red represent coldest 10% 
and warmest 10% of (a) nights & (b) days during 1951–1980. darker 
shading: by how much number of coldest days & nights has reduced 
(dark blue) and warmest days & nights increased (dark red) during 
1981–2010 compared to 1951–1980. 

Observations and  projections of heat waves
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Frequently Asked Questions  
FAQ 2.2 |  Have There Been Any Changes in Climate Extremes?

There is strong evidence that warming has lead to changes in temperature extremes—including heat waves—since 
the mid-20th century. Increases in heavy precipitation have probably also occurred over this time, but vary by 
region. However, for other extremes, such as tropical cyclone frequency, we are less certain, except in some limited 
regions, that there have been discernable changes over the observed record.

From heat waves to cold snaps or droughts to flooding rains, recording and analysing climate extremes poses 
unique challenges, not just because these events are rare, but also because they invariably happen in conjunction 
with disruptive conditions. Furthermore, there is no consistent definition in the scientific literature of what consti-
tutes an extreme climatic event, and this complicates comparative global assessments. 

Although, in an absolute sense, an extreme climate event will vary from place to place—a hot day in the tropics, 
for instance, may be a different temperature to a hot day in the mid-latitudes—international efforts to monitor 
extremes have highlighted some significant global changes. 

For example, using consistent definitions for cold 
(<10th percentile) and warm (>90th percentile) days 
and nights it is found that warm days and nights have 
increased and cold days and nights have decreased for 
most regions of the globe; a few exceptions being cen-
tral and eastern North America, and southern South 
America but mostly only related to daytime tempera-
tures. Those changes are generally most apparent in 
minimum temperature extremes, for example, warm 
nights. Data limitations make it difficult to establish 
a causal link to increases in average temperatures, 
but FAQ 2.2, Figure 1 indicates that daily global tem-
perature extremes have indeed changed. Whether 
these changes are simply associated with the average 
of daily temperatures increasing (the dashed lines in 
FAQ 2.2, Figure 1) or whether other changes in the 
distribution of daytime and nighttime temperatures 
have occurred is still under debate.

Warm spells or heat waves, that is, periods contain-
ing consecutive extremely hot days or nights, have 
also been assessed, but there are fewer studies of 
heat wave characteristics than those that compare 
changes in merely warm days or nights. Most global 
land areas with available data have experienced more 
heat waves since the middle of the 20th century. One 
exception is the south-eastern USA, where heat wave 
frequency and duration measures generally show 
decreases. This has been associated with a so-called 
‘warming hole’ in this region, where precipitation 
has also increased and may be related to interactions 
between the land and the atmosphere and long-term 
variations in the Atlantic and Pacific Oceans. Howev-
er, for large regions, particularly in Africa and South 
America, information on changes in heatwaves is 
 limited. 

For regions such as Europe, where historical temperature reconstructions exist going back several hundreds of 
years, indications are that some areas have experienced a disproportionate number of extreme heat waves in 
recent decades. (continued on next page)
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FAQ 2.2, Figure 1 |  Distribution of (a) daily minimum and (b) daily maxi-
mum temperature anomalies relative to a 1961–1990 climatology for two peri-
ods: 1951–1980 (blue) and 1981–2010 (red) using the HadGHCND data set. 
The shaded blue and red areas represent the coldest 10% and warmest 10% 
respectively of (a) nights and (b) days during the 1951–1980 period. The darker 
shading indicates by how much the number of the coldest days and nights has 
reduced (dark blue) and by how much the number of the warmest days and 
nights has increased (dark red) during the 1981–2010 period compared to the 
1951–1980 period. 

FAQ 2.2, Figure 1 | Distribution of (a) daily minimum and (b) daily 
maximum temperature anomalies relative to1961–1990 for: 1951–1980 
(blue) & 1981–2010 (red). Shaded blue and red represent coldest 10% 
and warmest 10% of (a) nights & (b) days during 1951–1980. darker 
shading: by how much number of coldest days & nights has reduced 
(dark blue) and warmest days & nights increased (dark red) during 
1981–2010 compared to 1951–1980. 
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Figure 11.17 |  Global projections of the occurrence of (a) warm days (TX90p), (b) cold days (TX10p) and (c) precipitation amount from very wet days (R95p). Results are shown 
from CMIP5 for the RCP2.6, RCP4.5 and RCP8.5 scenarios. Solid lines indicate the ensemble median and shading indicates the interquartile spread between individual projections 
(25th and 75th percentiles). The specific definitions of the indices shown are (a) percentage of days annually with daily maximum surface air temperature (Tmax) exceeding the 90th 
percentile of Tmax for 1961–1990, (b) percentage of days with Tmax below the 10th percentile and (c) percentage change relative to 1986–2005 of the annual precipitation amount 
from daily events above the 95th percentile. (From Sillmann et al., 2013.)

contraction of the tropics and the tropical circulation (Lu et al., 2007; 
Birner, 2010). So future solar variations and volcanic activities could 
also lead to variations in the width of the Hadley Cell. The poleward 
extent of the Hadley Circulation and associated dry zones can exhibit 
substantial internal variability (e.g., Birner, 2010; Davis and Rosenlof, 
2012) that can be as large as its near-term projected changes (Figure 
11.16). There is also considerable uncertainty in the amplitude of the 
poleward shift of the Hadley Circulation in response to GHGs across 
multiple AOGCMs (Lu et al., 2007; Figure 11.16). It is likely that the 
poleward extent of the Hadley Circulation will increase through the 
mid-21st century. However, because of the counteracting impacts of 
future changes in stratospheric ozone and GHG concentrations, it is 
unlikely that it will continue to expand poleward in the SH as rapidly 
as it did in recent decades. 

The Hadley Cell expansion in the NH has been largely attributed to the 
low-frequency variability of the SST (Hu et al., 2013), the increase of 
black carbon (BC) and tropospheric ozone (Allen and Sherwood, 2011). 
Internal variability in the poleward edge of the NH Hadley Circulation 
is large relative the radiatively forced signal (Figure 11.16. Given the 
complexity in the forcing mechanism of the NH expansion and the 
uncertainties in future concentrations of tropospheric pollutants, there 
is low confidence in the character of near-term changes to the struc-
ture of the NH Hadley Circulation.

Global climate models and theoretical considerations suggest that 
a warming of the tropics should lead to a weakening of the zonally 
asymmetric or Walker Circulation (Knutson and Manabe, 1995; Held 
and Soden, 2006; Vecchi and Soden, 2007; Gastineau et al., 2009). 
Aerosol forcing can modify both Hadley and Walker Circulations, 
which—depending on the details of the aerosol forcing—may lead to 
temporary reversals or enhancements in any GHG-driven weakening 
of the Walker Circulation (Sohn and Park, 2010; Bollasina et al., 2011; 
Merrifield, 2011; DiNezio et al., 2013). Meanwhile, the strength and 
structure of the Walker Circulation are impacted by internal climate 
variations, such as the ENSO (e.g., Battistiand Sarachik, 1995), the PDO 
(e.g., Zhang et al. 1997) and the IPO (Power et al., 1999, 2006; Meehl 
and Hu, 2006; Meehl and Arblaster, 2011; Power and Kociuba, 2011b; 

Meehl and Arblaster, 2012; Meehl et al., 2013a). Even on time scales 
of 30 to 100 years, substantial variations in the strength of the Pacific 
Walker Circulation in the absence of changes in RF are possible (Power 
et al., 2006; Vecchi et al., 2006). Estimated near-term weakening of 
the Walker Circulation from CMIP3 models under the A1B scenario 
(Vecchi and Soden, 2007; Power and Kociuba, 2011a) are very likely to 
be smaller than the impact of internal climate variations over 50-year 
time scales (Vecchi et al., 2006). There is also considerable response 
uncertainty in the amplitude of the weakening of Walker Circulation in 
response to GHG increase across multiple AOGCMs (Vecchi and Soden, 
2007; DiNezio et al., 2009; Power and Kociuba, 2011a, 2011b). Thus, 
there is low confidence in projected near-term changes to the Walker 
Circulation. It is very likely that there will be decades in which the 
Walker Circulation strengthens and weakens due to internal variability 
through the mid-century as the externally forced change is small com-
pared to internally generated decadal variability.

11.3.2.5 Atmospheric Extremes

Extreme events in a changing climate are the subject of Chapter 3 (Sen-
eviratne et al., 2012) of the IPCC Special Report on Extremes (SREX). 
This previous IPCC chapter provides an assessment of more than 1000 
studies. Here the focus is on near-term aspects and an assessment of 
more recent studies is provided.

11.3.2.5.1 Temperature extremes

In the AR4 (Meehl et al., 2007b), cold episodes were projected to 
decrease significantly in a future warmer climate and it was  considered 
very likely that heat waves would be more intense, more frequent and 
last longer towards the end of the 21st century. These conclusions 
have generally been confirmed in subsequent studies addressing both 
global scales (Clark et al., 2010; Diffenbaugh and Scherer, 2011; Caesar 
and Lowe, 2012; Orlowsky and Seneviratne, 2012; Sillmann et al., 
2013) and regional scales (e.g., Gutowski et al., 2008; Alexander and 
Arblaster, 2009; Fischer and Schar, 2009; Marengo et al., 2009; Meehl 
et al., 2009a; Diffenbaugh and Ashfaq, 2010; Fischer and Schar, 2010; 
Cattiaux et al., 2012; Wang et al., 2012). In the SREX assessment it is 
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Heat waves: summary
• Heat waves are extreme weather events, defined relative to local conditions; 

threshold amplitude and duration are region-specific.
• Mechanism: 

• high pressure aloft, redirects precipitating storms away
• high pressure leads to subsidence and thus to adiabatic heating & drying
• clear sky and enhanced short wave
• surface winds: bring warm air from lower latitudes, from high to low 

elevation, from warm continental interiors to coastal area.
• enhanced by low precipitation in prior rainy season: dry soil prevents latent 

heat cooling
• suppression of convection and reduced surface wind & thus evaporation

• Heat stress and wet bulb temperature: important role for humidity
• Heat wave statistics and how they might change in a future warming 

scenario: shift of mean vs change of variance.
• More heat waves expected in a warmer future climate, little uncertainty, esp if 

we believe model projections that statistics mostly change due to shift in mean.
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