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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 (/-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
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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 2lst-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 (/3). 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 (/4). 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 (6).

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.

www.sciencemag.org SCIENCE VOL 305

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

A Observed Summer 3-Day Worst Heat Event,
1961-1990, Daily Minimum Temp

48.8°N

123.7°W 70.3°W

C Simulated Summer 3-Day
Worst Heat Event, 1961-1990,
Daily Min. Temperature (Ensemble Average)

23.7°N

123.7°W

70.3°W

Simulated Difference of Summer 3-Day
Worst Heat Event Daily Minimum Temperature,
Future Minus Present

48.8°N

o

123.7°W

70.3°W
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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

B Observed Summer 3-Day Worst Heat Event,
1961-1990, Daily Minimum Temperature

65.5°N

D Simulated Summer 3-Day
Worst Heat Event, 1961-1990,
Daily Min. Temperature (Ensemble Average)

26.5°N ¥~
16.8°W

30.9°E

Simulated Difference of Summer 3-Day
Worst Heat Event Daily Minimum Temperature,

Future Minus Present
65.5°N ——

26.5°N

16.8°W

30.9°E

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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REPORTS

Fig. 2. Based on the threshold definition of heat wave (76), mean number of heat waves per year
near Chicago (A) and Paris (B) and mean heat wave duration near Chicago (C) and Paris (D) are
shown. In each panel, the blue diamond marked NCEP indicates the value computed from
NCEP/NCAR reanalysis data. The black segment indicates the range of values obtained from the
four ensemble members of the present-day (1961 to 1990) model simulation. The red segment
indicates the range of values obtained from the five ensemble members of the future (2080 to
2099) model simulation. The single members are marked by individual symbols along the segments.
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Fig. 3. Height anomalies at 500 hPa (gpm) for the 1995 Chicago heat wave (anomalies for 13 to 14 July
1995 from July 1948 to 2003 as base period), from NCEP/NCAR reanalysis data (A) and the 2003 Paris
heat wave (anomalies for 1 to 13 August 2003 from August 1948 to 2003 as base period), from
NCEP/NCAR reanalysis data (B). Also shown are anomalies for events that satisfy the heat wave criteria
in the model in present-day climate (1961 to 1990), computed at grid points near Chicago (C) and Paris
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shift in the model to more and longer lived
heat waves in future climate.

Heat waves are generally associated with
specific atmospheric circulation patterns repre-
sented by semistationary 500-hPa positive
height anomalies that dynamically produce sub-
sidence, clear skies, light winds, warm-air ad-
vection, and prolonged hot conditions at the
surface (15, 19). This was the case for the 1995
Chicago heat wave and 2003 Paris heat wave
(Fig. 3, A and B), for which 500-hPa height
anomalies of over +120 geopotential meters
(gpm) over Lake Michigan for 13 to 14 July
1995 and +180 gpm over northern France for 1
to 13 August 2003 are significant at greater than
the 5% level according to a Student’s 7 test. A
stratification based on composite present-day
heat waves from the model for these two
locations over the period of 1961 to 1990
(Fig. 3, C and D) shows comparable ampli-
tudes and patterns, with positive 500-hPa
height anomalies in both regions greater than
+120 gpm and significance exceeding the
5% level for anomalies of that magnitude.

There is an amplification of the positive
500-hPa height anomalies associated with a
given heat wave for Chicago and Paris for
future minus present climate (Fig. 4, A and
B). Statistically significant (at greater than
the 5% level) ensemble mean heat wave 500-
hPa differences for Chicago and Paris in the
future climate compared with present-day are
larger by about 20 gpm in the model (com-
paring Fig. 4, A and B, with Fig. 3, C and D).

The future modification of heat wave char-
acteristics with a distinct geographical pattern
(Fig. 1, E and F) suggests that a change in
climate base state from increasing greenhouse
gases could influence the pattern of those chang-
es. The mean base state change for future climate
shows 500-hPa height anomalies of nearly +55
gpm over the upper Midwest, and about +50
gpm over France for the end of the 21st century
(Fig. 4, C and D, all significant above the 5%
level). The 500-hPa height increases over the
Mediterranean and western and southern United
States for future climate are directly associated
with more intense heat waves in those regions
(Fig. 1, E and F), thus confirming the link be-
tween the pattern of increased 500-hPa heights
for future minus present-day climate and in-
creased heat wave intensity in the future climate.
A comparable pattern is present in an ensemble
of seven additional models for North America
for future minus present-day climate, with some-
what less agreement over Europe (fig. S1). In
that region, there is still the general character of
largest positive anomalies over the Mediterra-
nean and southern Europe regions, and smaller
positive anomalies to the north (fig. S1), but
largest positive values occur near Spain, as op-
posed to the region near Greece as in our model
(Fig. 4D). This also corresponds to a similar
pattern for increased standard deviations of both
summertime nighttime minimum and daytime
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Fig. 4. Height anomalies at 500 hPa (gpm) for events that satisfy the heat wave criteria in the
model in future climate (2080 to 2099) for grid points near Chicago (A) and Paris (B), using the
same base period as in Fig. 3, C and D. Also shown are changes (future minus present) in the
model's 500-hPa height mean base state, for North America (C) and Europe (D).

maximum temperatures (fig. S2). This is consis-
tent with a widening of the distribution of tem-
peratures in addition to a shift in the mean (5),
and suggests that there is an increase in heat
wave occurrence beyond that driven by changes
in the mean circulation.

The 500-hPa height anomalies are most
strongly related to positive warm season precipi-
tation anomalies over the Indian monsoon region
and associated positive convective heating anom-
alies that drive mid-latitude teleconnection pat-
terns (such as those in Fig. 4, C and D) in response
to anomalous tropical convective heating in future
climate (figs. S3 to S5). Thus, areas already
experiencing strong heat waves (e.g., southwest,
midwest, and southeast United States and the
Mediterranean region) could experience even
more intense heat waves in the future. But other
areas (e.g., northwest United States, France, Ger-
many, and the Balkans) could see increases of
heat wave intensity that could have more serious
impacts because these areas are not currently as
well adapted to heat waves.

References and Notes
1. C. Parmesan et al., Bull. Am. Meteorol. Soc. 81, 443
(2000).

. D. R. Easterling et al., Science 289, 2068 (2000).

3. World Health Organization (WHO), “The health im-
pacts of 2003 summer heat waves,” WHO Briefing
Note for the Delegations of the 53rd session of the
WHO Regional Committee for Europe, Vienna, Aus-
tria, 8 to 11 September 2003; available at www.
euro.who.int/document/Gch/HEAT-WAVES%20RC3.
pdf.

4. T. R. Karl et al., Bull. Am. Meteorol. Soc. 78, 1107

(1997).

. C. Schar et al., Nature 427, 332 (2004).

6. U. Cubasch et al., in Climate Change 2001: The Scientific
Basis. Contribution of Working Group | to the Third

N

wvi

www.sciencemag.org SCIENCE VOL 305

Assessment Report of the Intergovernmental Panel on
Climate Change, ). T. Houghton et al., Eds. (Cambridge
Univ. Press, Cambridge, 2001), pp. 525-582.

7. T.R. Karl, K. E. Trenberth, Science 302, 1719 (2003).

8. G. A. Meehl et al., Clim. Dyn., in press.

9. W. M. Washington et al., Clim. Dyn. 16, 755 (2000).

. A. Dai et al., Geophys. Res. Lett. 28, 4511 (2001).

. G. A. Meehl et al., J. Clim. 16, 426 (2003).

. B. D. Santer et al., Science 301, 479 (2003).

. G. A. Meehl et al., J. Clim., in press.

. A. Dai et al., J. Climate 14, 485 (2001) describes the

REPORTS

business-as-usual scenario as similar to the A1B
emissions scenario of the Intergovernmental Panel on
Climate Change (IPCC) Special Report on Emission
Scenarios (SRES) (20), with CO, rising to about 710
parts per million by volume by 2100, SO, emissions
declining to less than half the present value by 2100,
CH, stabilized at 2500 parts per billion by volume in
2100, N,O as in the IPCC IS92 emissions scenario
(27), and halocarbons following a preliminary version
of the SRES A1B scenario.
. M. A. Palecki et al., Bull. Am. Meteorol. Soc. 82, 1353
(2001).
. R. Huth et al., Clim. Change 46, 29 (2000).
. E. Kalnay et al., Bull. Am. Meteorol. Soc. 77, 437 (1996).
. Archived observations from surface weather stations,
weather balloons, satellites, and other sources are
interpolated to a regular grid in a weather forecast
model, and the model is run at regular intervals over
past time periods to produce a dynamically consis-
tent time-evolving representation of the observed
historical climate state.
K. E. Kunkel et al., Bull. Am. Meteorol. Soc. 77, 1507
(1996).
N. Nakicenovic et al., IPCC Special Report on Emission
Scenarios (Cambridge Univ. Press, Cambridge, 2000).
J. Legget et al., Climate Change 1992: The Supple-
mentary Report to the IPCC Scientific Assessment
(Cambridge Univ. Press, New York, 1992), pp. 69-75.
We thank D. Nychka for discussions; G. Branstator for
the convective heating anomaly results; and L. Buja, J.
Arblaster, and G. Strand for assistance on the
CMIP2+ results from the Coupled Model Intercom-
parison Project, phase 2 plus (www-pcmdi.llrl.gov/
cmip). This work was supported in part by the
Weather and Climate Impact Assessment Initiative at
the National Center for Atmospheric Research. A
portion of this study was also supported by the
Office of Biological and Environmental Research, U.S.
Department of Energy, as part of its Climate Change
Prediction Program, and the National Center for At-
mospheric Research. The National Center for Atmo-
spheric Research is sponsored by NSF.

19.
20.

21.

22.

Supporting Online Material
www.sciencemag.org/cgi/content/full/305/5686/994/DC1
Figs. S1 to S5

References

2 April 2004; accepted 9 July 2004

Discovery of Symbiotic
Nitrogen-Fixing Cyanobacteria
in Corals

Michael P. Lesser,’* Charles H. Mazel,2 Maxim Y. Gorbunov,?
Paul G. Falkowski3*

Colonies of the Caribbean coral Montastraea cavernosa exhibit a solar-
stimulated orange-red fluorescence that is spectrally similar to a variety of
fluorescent proteins expressed by corals. The source of this fluorescence is
phycoerythrin in unicellular, nonheterocystis, symbiotic cyanobacteria
within the host cells of the coral. The cyanobacteria coexist with the
symbiotic dinoflagellates (zooxanthellae) of the coral and express the ni-
trogen-fixing enzyme nitrogenase. The presence of this prokaryotic sym-
biont in a nitrogen-limited zooxanthellate coral suggests that nitrogen
fixation may be an important source of this limiting element for the sym-

biotic association.

The success of scleractinian corals since
the Triassic (/) has been attributed to the
establishment of a mutualistic symbiosis
between the cnidarian host and a diverse

group of endosymbiotic dinoflagellates
(zooxanthellae). Zooxanthellae, which are
localized within gastrodermal cells of the
cnidarian host, can provide more than
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