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1. INTRODUCTION 
 
 The globally averaged annual temperature has 
increased approximately 0.7oC over the 20th century, 
and previous research for the 1950-1993 period 
(Easterling et al. 1997) showed that, most of this 
increase was due to a greater increase in daily 
minimum temperatures than in daily maximum 
temperatures, resulting in a decrease in the diurnal 
temperature range (DTR). However, recent research 
in Vose et al. (2005) that extends previous work 
through 2004, shows that, although the DTR 
decreased over the last half of the 20th century, the 
most recent 20 year period shows little or no 
decrease with the globally averaged maximum and 
minimum now increasing at approximately the same 
rate.  
 
 As global climate models have improved in their 
ability to simulate the observed changes in globally 
averaged annual temperatures over the 20th century, 
one question is how well these models simulate 
observed changes in climate extremes for the same 
period. This paper examines simulated changes in 
climate extremes, particularly warm spells (heat 
waves) for the 20th century using all forcings including 
observed carbon dioxide and other trace gases 
(GHGs), and aerosol changes and compares these 
changes to observed changes. Additionally simulated 
changes in extremes for the 21st century are also 
examined for two forcing scenarios, the A2 and B1 
scenarios from the Intergovernmental Panel on 
Climate Change (IPCC) Fourth Assessment Report 
(AR4).  
 
 Trend values for the model simulations and 
observations were calculated using the Kendall-Theil 
(K-T, Kendall 1975, Theil 1950) median of all pairwise 
slopes non-parametric slope estimator. The K-T 
method has the advantages of being free of 
assumptions of any distribution and is a slope 
estimate that is robust to outliers. 
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2. MODEL SIMULATIONS 
 
 The model simulations used in this study are 
from the Geophysical Fluid Dynamics Laboratory 
(GFDL) Climate Model 2.1 (CM2.1) produced for the 
IPCC AR4. Three simulations are examined: 1. a 
simulation with 20th century observed forcing, 2. the 
Special Report on Emissions Scenarios (SRES) A2 
(high equivalent CO2 increase in the 21st century) and 
3. SRES B1 (increase to approximately 800 ppmv 
equivalent CO2 by the end of the 21st century).  
 
 The CM2.1 model is fully documented in 
Delworth et al. (2006). Here, we will simply highlight 
the main features of the model. The CM2.1 
atmospheric component uses a grid with a 2o latitude 
spacing and 18 vertical levels The oceanic 
component of the uses a 1o latitude grid with higher 
resolution in the tropics. The CM2.1 oceanic 
component uses 50 vertical levels. 
 
 The CM2.1 initialization and radiative forcing 
procedures are outlined in Stouffer et al. (2004) and 
Delworth et al. (2006). The CM2.1 control integration 
uses 1860 radiative conditions. The historical 
integration (1860 to 1990) uses the estimates of the 
past changes in solar forcing, volcanic aerosols, well 
mixed greenhouse gases, and other radiatively active 
constituents. Single realizations of the two different 
future scenarios are used: SRES A2 and B1.  
 
3. WARM SPELL (HEAT WAVE) DEFINITION. 
 
 There are numerous ways to define a warm spell 
(heat wave), but most have used a number of days 
above some threshold value with either daytime high 
temperature (maximum daily temperature) or 
nighttime low temperature (minimum daily 
temperature) (Alexander et al. 2006, Kunkel et al. 
1999, Meehl and Tebaldi 2004). Here we seek to 
define warm spells (heat waves) as a combination of 
threshold exceedances of both maximum and 
minimum temperatures. Specifically our definition is 
where at least three days have a maximum 
temperature above the 80th percentile for that day 
followed by a minimum temperature above the 80th 
percentile for that day. This definition is aimed at 
looking at periods with warm daytime high 
temperatures that do not cool off much at night. Warm 



nights after warm days, especially in the context of 
true heat waves, can have large impacts on human 
health, as well as ecosystems (Changnon et al. 
1996). 
 
 Furthermore, we do not restrict this analysis to 
the summer season, but examine the entire year. 
Thus in the summer these warm spells are heat 
waves, but in other parts of the year they may be the 
same as events like the “January thaw”. Warm spells 
in most times of the year do not have the same 
deadly effect that a true summertime heat wave 
might, however there often are profound impacts on 
ecosystems and society, both good and bad. 
 
 For our work, we use the 1971-2000 base period 
and define the percentile threshold temperature 
values for each day of the year by using a 30 day 
running window with 15 days on either side of the day 
in question. This eliminates any “edge” effects if a 
warm spell crosses into the next month and any 
biases in transition months. 
 
 The two aspects we examine with respect to 
warm spells on an annual and seasonal basis are 
changes in: 1. how many occur, and 2. the duration of 
the warm spell in days. Figure 1 shows the “anatomy” 
of a warm spell for a fictional station in the summer, 
which would be considered a heat wave. The warm 
spell begins when the maximum temperature rises 
above the 80th percentile threshold temperature for a 
given day and the succeeding night’s minimum 
temperature is also above the 80th percentile 
threshold temperature. The warm spell continues until 
either the maximum temperature or the minimum 
temperature falls below the 80th percentile threshold 
temperature for a given day. The warm spell must 
also contain at least three consecutive days where 
both maximum and minimum temperature are above 
the 80th percentile threshold. The duration is the 
number of days where the maximum and succeeding 
minimum temperature are both above the 80th 
percentile threshold. Here we examine changes in the 
“maximum” duration, which is the event with the 
longest duration for any given year.  
 
4. RESULTS FOR THE U.S. OBSERVED 

RECORD 
 
 We examined continental U.S. heat wave 
changes for the period 1950-2004 using daily station 
data from the U.S. Cooperative Observer Network. 
We required stations to have no more than 15% of 
their data missing for the period which resulted in 
3085 stations for the 1950-2005 period. The results 
for the station data were then gridded to produce the 
national and regional time series and trends shown. 
 
 Figure 2 shows the results for the number of 
events from the observed record. Annually the 
number of warm spells is increasing for the country as 
a whole, however there are large regional differences, 

with the Southwest, West, Northwest and Northern 
Plains showing statistically significant increases, and 
the rest of the country showing no statistically 
significant change. In fact, the whole eastern U.S. 
shows almost no trend in the number of warm spells 
on the annual time scale. 
 
 Observed seasonal changes with respect to 
number of events are also shown in Figure 2. On a 
national basis all seasons, except the fall, show some 
small increases in number of events, with the spring 
showing the largest increase and is only season that 
is statistically significant. However there are large 
regional differences in the changes, with the Western 
and Upper Midwestern parts of the country showing 
the largest increases, especially in the spring. The 
rest of the country shows little change. 
 
 Figure 3 shows changes in the maximum 
duration of events. The annual change in duration 
averaged across the country shows an increase of 
about ½ day over the period or 1 day per century. 
Like the frequency of warm spells, the largest 
increases in duration occur in the Southwest, West, 
and Northern Plains. The rest of the country shows no 
statistically significant change, however only Upper 
Midwest and Southern Plains show small decreases. 
Seasonally, the largest changes are in the spring, with 
a statistically significant increase in the national time 
series and large increases in the West, Southwest, 
Northwest and Northern Plains. The only other 
statistically significant changes are in the Upper 
Midwest in the winter and in the West during summer 
showing increases and the Upper Midwest in the fall 
showing a large decrease. 
 
5. MODEL RESULTS, 20TH CENTURY 
 
 Figure 4 shows results from the GFDL climate 
model simulation for the last half of the 20th century 
for number of events. The annual map shows regional 
changes that are reasonably consistent with the 
observed maps. Annually the largest changes occur 
in the Southwest, West, Northwest and Northern 
Plains, with the Southeast showing a small negative 
trend. The model is less consistent with the observed 
pattern on a seasonal basis with the largest changes 
occurring in winter followed by the spring where there 
is a notable spring signal in the observations. Similar 
patterns are shown with the duration (Figure 5). 
 
6. MODEL PROJECTED CHANGES 
 
 We now examine projected changes for the U.S. 
using two emissions scenarios, the A2 (high GHG) 
and B1, (low GHG) scenarios. Figure 6 and 7 shows 
results for the 2001-2100 period from the A2 scenario. 
We only show the annual and summer maps since all 
seasons show large increases in both the number and 
duration of warm spells, with the exception of a 
couple of regions. The summer map of the number of 
warm spells (heat waves) shows an interesting 



pattern in the Southern Plains and Southwest regions 
and to a lesser extent in other regions. The Southern 
Plains region best illustrates this pattern, where there 
is a large increase in number of events to about the 
middle of the 21st century, where the number begins 
to taper off and for a few regions actually declines in 
the latter part of the century. However the duration 
maps show large increases in the length of these 
events. This tapering off of numbers of events is due 
to the fact that as the temperatures warm, the length 
of events is increasing to the point that most days are 
above the 80th percentile threshold punctuated by the 
occasional day with both maximum and minimum 
temperatures below the threshold. Thus we have 
fewer, but much longer events.    
 
 Results for the B1 emissions scenario (low GHG 
forcing) for annual and winter are shown in Figures 8 
and 9. The other three seasons show similar 
increases in both number and duration of events. The 
annual maps show both number and duration 
increasing although both tend to taper off in the latter 
half of the 21st century, consistent with the reduction 
in GHG forcing for the same period. However in 
winter, for the Eastern part of the country there is little 
change in either number or duration of warm spells. 
Analysis of temperature trends for the Southern 
Plains and Southeast regions during winter for the B1 
simulation (not shown) shows little or no warming in 
either the maximum or minimum temperature for 
these regions. 
 
7. SUMMARY 
 
 We have defined a variation on previous methods 
of defining warm spells (heat waves) that takes into 
account threshold temperature exceedances in both 
the daily maximum (daytime high) and minimum 
(nighttime low) temperature. Observed changes in 
warm spells show increases in events mainly in the 
Western part of the country, with little or no change in 
the Eastern part. Seasonally the largest changes are 
in the spring, consistent with other analyses for the 
same period, such as frost days and the date of the 
last Spring frost (Easterling 2002). 
 
 Model simulated changes for the same period 
from the GFDL CM2.1 forced with observed changes 
in climate forcing for the latter half of the 20th century 
show spatial patterns of changes that are broadly 
consistent with the observed changes, increases in 
number and duration of events in the Western portion 
of the country, with little or no change in the East. 
 
 Model projections for the future generally show 
large increases in number and duration of events with 
some exceptions. The B1 or low GHG increase 
scenario shows little change in either number or 
duration of warm spells in the Eastern part of the 
country in winter, consistent with a projected lack of 
wintertime warming. The A2 or high GHG increase 
show large increases, such that in some regions the 

number of events actually decreases as the durations 
increase in the last part of the 21st century.  
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Figure 1. Graph showing the definition of a warm spell for a fictional station. The thick solid lines are the 80th 
percentile threshold temperature for maximum (red) and minimum (blue) temperatures and the lines with dots are the 
observed values for a hypothetical warm spell.  
 
 
 
 
 



 
 

 
 
 
Figure 2. Observed number of warm spells for Annual, Fall, Winter, Spring, Summer. Trends are shown for each 
region and Nationally in events/Century. Green trend line is not significant, blue is significant at the 90% level and red 
is significant at the 95% level. 
 
 



 
 

 
 
 
 
 
 



 
 
Figure 2, end. 
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Figure 3. Trend in observed duration of warm spells in days/century. Trend line colors same as Figure 2. 
 



 
 
 

 
 
Figure 3, cont. 
 
 



 
Figure 3, end.  
 
 
 



 
 

 
 
Figure 4. Number of warm spells for 20th century simulation. Line colors same as Figure 2. 
 
 
 
 



 
 

 
 
 
Figure 4, cont. 



 
Figure 4, end. 



 

 
 

 
 
Figure 5. Warm spell duration changes for 20th century simulation. Line colors same as Figure 2. 
 



 
 

 
 
Figure 5, cont. 
 
 



 
 
Figure 5, end. 
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Figure 6. Model projected number of events for Annual and Summer for the 2001-2100 period from the A2 emissions 
scenario. 
 
 
 
 



 
 

 
 
Figure 7. Model projected maximum duration for 2001-2100 for Annual and Summer using the A2 scenario. 



 
 

 
 
Figure 8. Model projected changes in the number of events using the B1 emissions scenario for Annual and Winter. 
 
 
 
 
 



 
 

 
 
Figure 9. Model projected maximum duration changes for the B1 emissions scenario for Annual and Winter. 


