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More Intense, More Frequent, and
Longer Lasting Heat Waves in

the 21st Century
Gerald A. Meehl* and Claudia Tebaldi

A global coupled climate model shows that there is a distinct geographic pattern
to future changes in heat waves. Model results for areas of Europe and North
America, associated with the severe heat waves in Chicago in 1995 and Paris in
2003, show that future heat waves in these areas will become more intense, more
frequent, and longer lasting in the second half of the 21st century. Observations
and the model show that present-day heat waves over Europe and North America
coincide with a specific atmospheric circulation pattern that is intensified by
ongoing increases in greenhouse gases, indicating that it will produce more severe
heat waves in those regions in the future.

There is no universal definition of a heat
wave, but such extreme events associated
with particularly hot sustained tempera-
tures have been known to produce notable
impacts on human mortality, regional econ-
omies, and ecosystems (1–3). Two well-
documented examples are the 1995 Chica-
go heat wave (4) and the Paris heat wave of
2003 (5). In each case, severe hot temper-
atures contributed to human mortality and
caused widespread economic impacts, in-
convenience, and discomfort.

In a future warmer climate with increased
mean temperatures, it seems that heat waves
would become more intense, longer lasting, and/
or more frequent (6, 7). However, analyses of
future changes in other types of extreme events,
such as frost days, show that changes are not
evenly distributed in space but are characterized
instead by particular patterns related to larger
scale climate changes (8). Here, we examine
future behavior of heat waves in a global coupled
climate model, the Parallel Climate Model
(PCM). This model has a latitude-longitude res-
olution of about 2.8° in the atmosphere and a
latitude-longitude resolution of less than 1° in
the ocean, and it contains interacting compo-
nents of atmosphere, ocean, land surface, and sea
ice. The PCM has been used extensively to
simulate climate variability and climate change
in a variety of applications for 20th- and 21st-
century climate (6, 8–13). We analyzed a four-
member ensemble (i.e., the model was run four

times from different initial states and the four
members were averaged together to reduce
noise) for 20th-century climate and a five-mem-
ber ensemble for 21st-century climate. The
former includes the major observed forcings for
the 20th century encompassing greenhouse gas-
es, sulfate aerosols, ozone, volcanic aerosols,
and solar variability (13). The latter uses a “busi-
ness-as-usual” scenario, which assumes little in
the way of policy intervention to mitigate green-
house gas emissions in the 21st century (14). We
define the present-day reference period as 1961
to 1990 for model and observations and the
future as the time period from 2080 to 2099.

First, we sought to define a heat wave.
Many definitions could apply to heat waves
that quantify the duration and/or intensity of
either nighttime minima or daytime maxima
(4, 5, 15, 16 ). Here, we used two definitions
of heat waves; each has been shown to be
associated with substantial societal impacts
on human health and economies. The first (4 )
evolved from a study of the 1995 Chicago
heat wave; it concentrates on the severity of
an annual “worst heat event” and suggests
that several consecutive nights with no relief
from very warm nighttime minimum temper-
atures may be most important for health im-
pacts. For present-day climate for North
America and Europe (Fig. 1), the means of
three consecutive warmest nights for obser-
vations and the model show good agreement.
Heat waves presently are more severe in the
southeast United States (large areas greater
than 24°C) and less severe in the northwest
United States (equally large areas less than
16°C; Fig. 1, A and C). For Europe, there is
more of a north-south gradient in both obser-
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vations and the model (Fig. 1, B and D), with
more severe heat waves in the Mediterranean
region (most countries bordering the Medi-
terranean have values greater than 20°C) and
less severe heat in northern Europe (many
areas less than 16°C).

Future changes of worst 3-day heat waves
defined in this way in the model are not uniform-
ly distributed in space but instead show a distinct
geographical pattern (Fig. 1, E and F). Though
differences are positive in all areas, indicative of
the general increase of nighttime minima, heat
wave severity increases more in the western and
southern United States and in the Mediterranean
region, with heat wave severity showing positive
anomalies greater than 3°C in those regions.
Thus, many of the areas most susceptible to heat
waves in the present climate (greatest heat wave
severity in Fig. 1, A to D) experience the greatest
increase in heat wave severity in the future. But
other areas not currently as susceptible, such as
northwest North America, France, Germany, and
the Balkans, also experience increased heat wave
severity in the 21st century in the model.

The second way we chose to define a heat
wave is based on the concept of exceeding spe-
cific thresholds, thus allowing analyses of heat
wave duration and frequency. Three criteria
were used to define heat waves in this way,
which relied on two location-specific thresholds
for maximum temperatures. Threshold 1 (T1)
was defined as the 97.5th percentile of the dis-
tribution of maximum temperatures in the obser-
vations and in the simulated present-day climate
(seasonal climatology at the given location), and
T2 was defined as the 81st percentile. A heat
wave was then defined as the longest period of
consecutive days satisfying the following three
conditions: (i) The daily maximum temperature
must be above T1 for at least 3 days, (ii) the
average daily maximum temperature must be
above T1 for the entire period, and (iii) the daily
maximum temperature must be above T2 for
every day of the entire period (16).

Because the Chicago heat wave of 1995
and the Paris heat wave of 2003 had partic-
ularly severe impacts, we chose grid points
from the model that were close to those two
locations to illustrate heat wave characteris-
tics. This choice was subjective and illustra-
tive given that there are, of course, other
well-known heat waves from other locations.
Also, we are not suggesting that a model grid
point is similar to a particular weather station;
we picked these grid points because they
represent heat wave conditions for regions
representative of Illinois and France in the
model, and therefore they can help identify
processes that contribute to changes in heat
waves in the future climate in those regions.
We chose comparable grid points from the
National Centers for Environmental Predic-
tion (NCEP)/NCAR reanalyses that used as-
similated observational data (17, 18) for com-
parison to the model results.

For both the Paris- and Chicago-area grid
points for the five-ensemble members, a fu-
ture increase in heat wave occurrence is pre-
dicted (Fig. 2, A and B). For Chicago, the
number of present-day heat waves (1961 to
1990) ranges from 1.09 to 2.14 heat waves
per year for the four-ensemble members,
whereas for future climate, the range shifts to
between 1.65 and 2.44. Thus, the ensemble
mean heat wave occurrence increases 25%
from 1.66 to 2.08 heat waves per year. The
current observed value from NCEP for 1961
to 1990 lies within the present-day range
from the model with a value of 1.40 events
per year. For Paris, the model ranges from
1.18 to 2.17 heat waves per year at present
(the value from the NCEP reanalysis lies
barely outside this range at 1.10 days), with
the future range shifting to between 1.70 and
2.38. Thus, the ensemble mean heat wave
occurrence for the Paris grid point increases
31% from 1.64 to 2.15 heat waves per year.
Both observed values from NCEP fall well

short of the future range from the model,
indicative of the shift to more heat waves per
year in the future climate.

There is a corresponding increase in
duration at both locations (Fig. 2, C and D).
For Chicago, present-day average duration
of heat waves from the four–model ensem-
ble members ranges from 5.39 to 8.85 days,
encompassing the observed value from
NCEP at 6.29 days. For Paris, the present-
day model range is 8.33 to 12.69 days, with
the NCEP observation lying within that
range at 8.40 days. For future climate at the
Paris grid point, there is a shift to longer
lived heat waves with average duration in-
creasing from 11.39 days to 17.04 days. For
both of these regions, similar to what was
found for the number of heat waves, the
corresponding grid point values from the
NCEP reanalyses show the duration to be
within or very near the range of the present-
day model ensemble members but not the
future ensemble members, indicative of the

Fig. 1. Heat wave severity as the mean annual 3-day worst (warmest) nighttime minima event (4)
from NCEP/NCAR reanalyses, 1961 to 1990, for North America (°C) (A) and Europe (B), and from
the model for North America (C) and Europe (D). The changes of 3-day worst (warmest) nighttime
minima event from the model, future (2080 to 2099) minus present (1961 to 1990) for North
America (°C) (E) and Europe (F) are also shown.
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