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Materials and analytical methods are available as
supporting material on Science Online.

Model 238U-239Th ages are derived as described in
(74). See (34) for a review of 23°Th dating in mag-
matic systems. The reported ages are taken to be
those of crystallization because of the relatively tight
packing of ions within allanite and the tetravalent
charge of Th [compare (35)]. Reequilibration of Th
during magmatic residence will be insignificant:
Based on the predictive model of Fortier and Giletti
(36), Th diffusion would only affect ~2 pum in allanite
over a period of 100,000 years at the highest report-
ed temperature of the YTT magma (~780°C). Un-
certainty in the calculated ages due to possible
variation of initial 22°Th/232Th during magmatic evo-
lution can be evaluated by assuming that observed
eruption-age 23°Th/232Th activity ratio variations of
the YTT (0.358 to 0.433) are representative of the
initial range of Th-isotope composition. For reported
ages <120 ka, the uncertainty in age associated with
the initial ratio is within the analytical uncertainty on
the ages, except for the youngest allanite domains
which could not have grown from melts that had Th
isotope compositions significantly different from that
of their host. Reported ages that are 120 to 200 ka
could be at most a few percent to, for the older of
these, as much as 27% older than allowed by the
analytical uncertainty. Those few allanites with ages
>200 ka could be substantially older. Thus, the age
ranges reported here are conservative.
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More Intense, More Frequent, and
Longer Lasting Heat Waves in
the 21st Century
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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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