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Emissions Scenarios and Climate   
Projections 

Projections of increases in extreme heat and heat-related mortality 
presented in this report are based on climate projections from two of the 
latest-generation global climate or general circulation models (GCMs): the 
Parallel Climate Model (PCM) developed at the U.S. National Center for 
Atmospheric Research (Washington et al., 2000) and the HadCM3 model 
developed at the U.K. Meteorological Office’s Hadley Centre for Climate 
Modeling (Gordon et al., 2000; Pope et al., 2000). HadCM3 and PCM are 
two of the highest-resolution and most recently updated GCMs available that 
successfully reproduce observed global climate variations over the past 
century without flux adjustment.  

Model climate sensitivity determines the relative magnitude of the 
projected increase in temperature relative to present-day in response to a 
given amount of human emissions of greenhouse gases (GHGs). For the 
PCM model, climate sensitivity is at the low end of the range, while 
HadCM3 sensitivity is in the middle of the range. When compared with the 
range of climate projections produced by seven coupled Atmosphere-Ocean 
Global Climate Models (AOGCMs) and four emissions scenarios 
(Ruosteenoja et al., 2003), our projections compare as follows: For the 
western region of North America, HadCM3 and PCM winter temperature 
projections cover approximately the lower half of the range and from zero to 
eighty percent of the range for the other seasons. Our estimates of projected 
changes in temperature are therefore on the conservative side, although not 
overly so for the warmer season, when extreme-heat events occur. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

 
 
 

 

Figure 1. The Special Report on Emission Scenarios (SRES) 
provides a range of plausible future carbon dioxide (CO2) 
emissions, including the A1fi (red dotted line) and B1 (green 
solid line) that are used in this study. 
 
Source: Houghton et al., 2001. 
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By mid-century (2045-2054), the total number of heat wave days in 
coastal cities approximately doubles under B1 and triples under A1fi, with 
increases of three to four times for inland cities. On average, the heat wave 
season is longer (by 2-3 weeks under B1 and 4-7 weeks under A1fi), and 
average heat waves last longer (2-4 days longer under B1 and 4-5 days 
longer under A1fi). Heat wave intensity, measured here as the sum of the 
daily heat wave temperature threshold exceedance multiplied by the length of 
the heat wave in days, shows small increases (up to 50 percent) for coastal 
Los Angeles and San Francisco, but increases of 10 to 300 percent under B1 
and 130 to 350 percent under A1fi for inland Sacramento, Fresno, and San 
Bernardino/Riverside. The largest inter-scenario difference during this 
decade is evident in the intensity of the strongest or most extreme heat wave 
of the decade. For Los Angeles, intensity of the strongest heat wave of the 
decade changes the least, with increases of only 10 to 15 percent under B1, 
but 55 to 100 percent under A1fi. The change is greatest for Fresno, where 
the increase is more than an order of magnitude larger: two to almost five 
and a half times greater intensity than during the 1990s for B1, and two and a 
half to more than six times greater for A1fi. 
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Figure 3. Average annual number of heat wave events for five California
cities (for 1990-1999 and 2090-2099), based on PCM and HadCM3
projections for the A1fi and B1 scenarios. 

Yellow bars show 1990s averages, while orange bars indicate projections
for the B1 scenario and red bars for the A1fi scenario. Striped bars show
PCM projections while solid bars indicate HadCM3 projections. 

Heat waves are divided into “regular” (occurring an average of three times
per year or 30 times per decade during the reference period 1961-1990)
and “extreme” (occurring one to two times per decade during 1961-1990).
Extreme events currently constitute about two percent of all heat waves, but
this proportion is projected to increase, particularly under the A1fi scenario
and for the inland locations. 
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By the end of the century (2090-2099), the number of heat waves in Los 
Angeles is projected to increase from an average of four per year over a 14-
week period in the 1990s to seven to nine events over 19 to 25 weeks under 
the B1 scenario (about one-third to one-half of the year), or nine to thirteen 
heat waves over 31 to 37 weeks under the A1fi scenario (about two-thirds of 
the year). This is the largest increase of all five cities. San Francisco and San 
Bernardino show similar trends, while inland Sacramento and Fresno show a 
lesser increase of only two to three more days under B1 and three to eight 
more days under A1fi. 

Although a lesser increase in heat wave events is projected for inland 
cities, these show a greater increase in the average length – from three to four 
days today to seven to thirteen days (B1) or twelve to nineteen days (A1fi) 
by the 2090s. The increase for coastal cities (with San Bernardino acting 
surprisingly more like a coastal than an inland city) is only six to eight days 
under B1 and nine to thirteen days under A1fi. There will also be a shorter 
break between heat waves for Sacramento and Fresno, as their heat wave 
seasons are much shorter, increasing from about six weeks to 10 to 13 weeks 
(B1) or 14 to 18 weeks (A1fi). This is in contrast to Los Angeles, which 
shows the longest heat wave season (19 to 25 weeks under B1 and 31 to 37 
weeks under A1fi), and San Francisco and San Bernardino, which have 
seasons lasting about 50 to 100 percent longer than other inland cities. The 
net result is that in the future, inland cities will experience a very similar 
number of heat wave days as their coastal counterparts, but – due to the 
shorter heat wave season inland – without the same degree of relief in 
between.  
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Figure 4. Average heat wave intensity (sum of temperature exceedances
multiplied by length of heat wave in days) for five California cities, based on the
PCM and HadCM3 A1fi and B1 scenarios. This figure shows the differences
relative to the 1990-1999 average for 2045-2054 and 2090-2099, where a value
of one means the intensity is equal to that experienced during the 1990s.
Intensity increases are significantly greater under the A1fi scenario and for the
inland cities. 
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When comparing the seasonal risk to human health from extended heat 

events of similar intensity, human populations tend to be generally more 
vulnerable to extreme-heat events than occur earlier rather than later in the 
season (Kalkstein et al., 1999). This is most likely due to a combination of 
intra-seasonal physiological acclimatization and a declining pool of 
vulnerable populations later in the season. In Los Angeles and San Francisco, 
much of the longer heat wave season is projected to occur due to earlier onset 
(with 80 to 100 percent of the seasonal extension due to an earlier start), 
representing a significant increase in early-season extreme heat events, while 
for Sacramento, Fresno, and San Bernardino the season is extended nearly 
equally at both ends. 

The intensity of a heat wave is a function of both its high temperatures 
and the period over which they are sustained. A simple measure of heat wave 
intensity, shown in Figure 4, can be obtained by multiplying the sum of the 
temperature exceedances for each day (i.e., the number of degrees by which 
temperatures exceed the heat wave threshold temperatures shown in Table 2) 
by the length of the heat wave in days.  

During the 1990s, the average heat wave intensity for all five cities was 
similar. However, average heat wave intensity increases exponentially 
inland, with the intensity of Fresno, Sacramento, and San Bernardino heat 
waves nearly doubling that of Los Angeles and San Francisco by the 2090s 
under either scenario (Figure 4). As the total number of heat wave days is 
approximately equal, this indicates much hotter heat waves for inland cities. 
This conclusion is also supported by their higher growth rate of extreme heat 
waves, which make up 23 to 54 percent (B1) and 56 to 84 percent (A1fi) of 
all heat waves by the 2090s. 

 

The Heat-Health Connection 
Numerous studies and reviews have highlighted the impact of climate 

change on human health as a potentially serious concern (Martens, 1998; 
McGeehin and Mirabelli, 2001; Schär et al., 2004; McMichael et al., 2001). 
In particular, summer mortality from extreme heat and extended heat events 
is expected to rise – intra-seasonal, behavioral and physiological 
acclimatization notwithstanding. This concern is heightened through our 
analysis, which shows summer temperature increases may be higher than 
previously thought for California. 

With several large metropolitan centers, California is now home to 34.5 
million people (U.S. Census Bureau, 2001)—more than 200 per square 
mile—and its population is projected to double within the next 30 years. 
Several studies have estimated heat-related mortality for California 
metropolitan areas before (Chestnut et al., 1998; Kalkstein, 1987, 1989, 
1993; Kalkstein and Valimont, 1986; Oechsli et al., 1976), using different 
methods with a range of theoretical foundations, including empirical 
observation, modeling based on temperature thresholds, heat stress indices, 
and synoptic methods identifying “offensive air masses.” Synoptic 
approaches have revealed that California locations historically have 
experienced relatively few “offensive air mass” conditions, which cause 
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marked increases in heat-related mortality (Kalkstein and Greene, 1997). 
Only two studies to date have modeled excess heat-related mortality under 
various climate change projections (using older models and now outdated 
emissions scenarios) for selected California metropolitan areas.1 

 
Determining the Heat-Mortality Relationship 
for Specific California Cities 

Meteorologically “oppressive” conditions were determined here by 
identifying maximum apparent temperature thresholds that have been 
associated historically with rising heat-related mortality. Apparent 
temperature is a combination of the impact of temperature, relative humidity, 
and wind speed on the human body, and can be considered an adequate 
surrogate to evaluate heat transfer effects on humans (Watts and Kalkstein, 
2004). Daily human mortality can be compared with daily maximum 
apparent temperature values, and a threshold apparent temperature value can 
be determined: the value for both Los Angeles and Sacramento is 34°C 
(93°F); for San Francisco, 27°C (81°F); for Fresno, 36°C (97°F); and for San 
Bernardino/Riverside, 39°C (102°F). The daily apparent temperature 
threshold is determined by the lowest apparent temperature value, which, 
when reached or exceeded, yields a mean mortality value that is statistically 
significantly higher than the long-term mean (p = 0.05). For example, we 
found mean mortality in Los Angeles and Sacramento on all days with an 
apparent temperature of 33°C (91°F) or higher to be not statistically 
significantly above the long-term mean, whereas those above 34°C (93°F) 
and higher were significant above that mean. 

The statistical relationships between heat and mortality were developed 
through location-specific algorithms for Los Angeles, San Francisco, San 
Bernardino/Riverside, Sacramento, and Fresno for all days with maximum 
apparent temperatures at or above the city-specific apparent temperature 
threshold. These algorithms include environmental factors responsible for 
explaining the variability in mortality during oppressive weather. Both 
meteorological (maximum and minimum air temperature, maximum and 
minimum apparent temperature and dew point, cloud cover, etc.) and non-
meteorological (consecutive days of oppressive weather, time of season 
when oppressive weather occurs) factors are potential independent variables 
within this algorithm. The final algorithm for Los Angeles (p<0.001), for 
example, is: 

Mortp = -8.481 + 0.326 AT + 1.891 CD - 0.012 TS 
where estimated daily mortality (Mortp) is given as a function of maximum 
apparent daily temperature (AT), the day’s position in a sequence of 

                                                 
1 Projected increases in mortality for Los Angeles and San Francisco for a study using the GISS model 
(Kalkstein and Valimont, 1987; Kalkstein, 1993), for example, varied substantially with the climate 
scenario and degree of acclimatization (no, partial, or full acclimatization). Resulting mortality figures for 
Los Angeles, for example, varied between a 100 percent decrease and a 20-fold increase. The second 
study used three climate models (GFDL89, UKMO, and Max Planck; Kalkstein, 1989) run out to 2050 on 
unspecified emissions scenarios and assuming full acclimatization. Mortality rates varied between a 35 
percent decrease and a 275 percent increase by 2050 (relative to 1997 rates for various California cities). 
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consecutive days with maximum apparent temperatures equal to or exceeding 
34°C or 93°F (CD), and days after May 1 (TS). 
 
For Sacramento, the algorithm is (p<0.01): 

Mortp = -8.817 + 0.265 Tm - 0.013 TS 
where Tm is daily maximum air temperature. 

 
The Sacramento algorithm shows a somewhat flatter 

slope than that for Los Angeles, indicating a less dramatic 
relationship between heat and mortality in this generally 
hotter city in summer. Current-day Sacramento heat-
related mortality is six percent that of Los Angeles in 
terms of actual numbers. With a population about 15 
percent that of Los Angeles, this translates into an 
equivalent mortality of 40 percent that of Los Angeles.  

Table 3. Increase in heat-related 
mortality for the 2050s and 2090s 
relative to 1990-1999 for five California 
cities 

In most cities, unacclimatized mortality 
(UnAcc) increases dramatically while 
acclimatized mortality (Acc) shows a 
lesser increase. In San Francisco and 
San Bernardino/Riverside, however, 
the population shows no evidence of 
acclimatization. 

Similar algorithms were developed for each of the 
other metropolitan areas. The results yield estimates of 
excess heat-related mortality without acclimatization, as 
shown in the columns labeled “UnAcc” in Table 3. 

 
Acclimatization to Heat 

Acclimatization is the process by which people 
become used to heat over the course of a summer season 
or the duration of a heat wave. When projecting future 
heat-related mortality, acclimatization must be included 
to account for the plausible degree to which people 
accustom themselves to increasingly hot summers and 
heat waves. Since the perfect acclimatization assumed 
here depicts an idealized situation, the acclimatized 
values shown in Table 3 provide a conservative estimate. 
Future mortality may lie somewhere in between the 
unacclimatized and acclimatized values. 

The impact of acclimatization was determined by 
utilizing a procedure we deem superior to the “analog 
city” approach used in previous studies (Kalkstein and 
Greene, 1997). The new acclimatization procedure 
assumes that people will most likely respond to heat 
under climate change conditions as they do today during 
the very hottest summers. Thus, instead of choosing 
analog cities, which typically possess different 
demographics and urban structure than the target city, we 
have selected “analog summers” within the same city. 
These analog summers best replicate the projected 
summers seen under the climate change scenarios. For 
each of the target cities, the hottest summers were 
determined based on mean summer apparent temperature 
values, and a new acclimatization algorithm was 
developed for days during these hottest summers that 
  2050s 2090s 
  UnAcc Acc UnAcc Acc 
Los Angeles 
PCM B1 126% 92% 149% 102% 
PCM A1 418% 355% 500% 400% 
Had B1 129% 80% 336% 260% 
Had A1 182% 122% 834% 673% 
San Francisco 
PCM B1 140% 140% 283% 283% 
PCM A1 317% 317% 1177% 1177%
Had B1 136% 136% 292% 292% 
Had A1 97% 97% 613% 613% 
San Bernardino/Riverside 
PCM B1 79% 79% 196% 196% 
PCM A1 104% 104% 271% 271% 
Had B1 114% 114% 193% 193% 
Had A1 121% 121% 309% 291% 
Sacramento 
PCM B1 29% -21% 107% 21% 
PCM A1 79% 7% 514% 271% 
Had B1 187% 73% 240% 107% 
Had A1 68% 0% 492% 256% 
Fresno 
PCM B1 90% -50% 200% -30% 
PCM A1 160% -40% 620% 70% 
Had B1 17% -67% 50% -58% 
Had A1 200% -29% 429% 29% 
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equaled or exceeded the apparent temperature threshold (e.g., for Los 
Angeles, 34°C or 93°F). The acclimatization algorithm for Los Angeles thus 
becomes: 

Mortp = -4.774 + 0.178 AT + 1.928 CD - 0.013 TS 
 
For Sacramento, the acclimatization algorithm is: 
Mortp = -5.323 + 0.160 Tm - 0.0078 TS 
 
Again, similar algorithms were developed for the remaining three cities. 

The results for unacclimatized and acclimatized mortality rates for the five 
cities and all climate scenarios are summarized in Table 3. As expected, the 
acclimatization algorithm for the hottest summers shows a decreased 
sensitivity to heat because of intra-seasonal acclimatization (this is apparent 
by noting the lower coefficient for the AT variable in Los Angeles, and the 
Tm variable in Sacramento). Using the acclimatization algorithm, revised 
mortality totals averaged on the order of 15 to 20 percent lower than those 
yielded by the unacclimatized algorithm for Los Angeles, and close to 40 
percent lower for Sacramento. For San Francisco, the hottest summers 
actually demonstrate more sensitivity to heat relative to the results found for 
Los Angeles and Sacramento. This is not surprising if future climate in the 
Bay Area continues to be moderated by the cold temperatures of offshore 
waters generated by Pacific currents and coastal upwelling that produce the 
cool and foggy summers that characterize San Francisco. Since 
acclimatization to hot weather is hindered by its very infrequent occurrence, 
the population appears to react very negatively to heat in all future summers. 

Fresno’s outcome is similar to many very hot semi-arid cities such as 
Phoenix, Arizona, where the population and general urban structure are 
already well adapted to frequent and extreme heat (Kalkstein, 2003). The 
acclimatization algorithm (derived from hottest summers) indicates very little 
relationship between mortality and heat. Thus, acclimatized values are 
actually lower than the 1990s control, and if the population of Fresno fully 
acclimatizes to increased heat events under further climate change, it is 
feasible that there will be little additional negative impact on the local 
population from a heat/mortality standpoint.  

Finally, the results for San Bernardino/Riverside surprisingly indicate 
that acclimatization should not be expected to play a role in that metropolitan 
area. The results here actually indicate increased sensitivity during the hottest 
summers, which runs counter to expectation for similarly hot urban areas 
(see the results found for Fresno). We are currently investigating alternative 
explanations by taking greater account of socio-economic factors (such as the 
penetration of air conditioning and the housing stock) that might explain 
these non-intuitive results.    

 
Summary 
 From this analysis, it is clear that extreme heat represents a growing 
threat to California – a finding independently replicated in studies focused on 
other parts of the world (e.g., Meehl and Tebaldi, 2004). Greater increases in 
summer temperatures than previously thought, along with longer heat wave 
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seasons, greater temperature extremes, and more frequent, longer, and more 
intense events to suggest that climate change in California may pose a 
significant risk to human health. 

By the 2090s, temperatures currently seen on only five percent (or 18 
days) of the year will be exceeded on two to four times as many days in 
inland cities under the lower-emissions scenario and three to five times as 
many days in coastal cities. The increase is even greater for the higher-
emissions scenario, which shows that by the 2090s there could be four to six 
times as many extreme-heat days inland and five to nine times as many 
days—equaling three to five months—on the coast.  

The frequency, length, and intensity of individual heat waves as well as 
the duration of the entire heat wave season are also projected to increase for 
all cities considered here. Inter-scenario differences are evident by mid-
century, with significantly greater increases by century’s end under the A1fi 
scenario. Coastal cities show a longer heat wave season and more heat wave 
events. In contrast, inland locations have a relatively short heat season and 
fewer events; however, the intensity of inland heat waves will far exceed 
those seen on the coast by the 2090s, and up to 80 percent of inland heat 
waves could be classified as “extreme” (i.e., occurring only once or twice per 
decade during the historical reference period 1961-1990).  

It is important to note that demographic changes, societal decisions 
affecting adaptation, and changes in the health care sector will determine 
actual mortality rates. Model uncertainties notwithstanding, extreme heat and 
associated human health risks under the lower-emissions scenario are 
significantly less than under the higher-emissions scenario. Thus, irrespective 
of the degree of climate change, significant efforts should be undertaken to 
provide effective early warning systems, public education, air conditioning, 
“cooling centers,” and other adaptations (especially for the elderly, children, 
poor, and those already ill) to avoid major increases in the number of heat-
related deaths in California. The urgency for such measures only grows in 
light of expected population increases, urbanization, and demographic shifts. 
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