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1. INTRODUCTION

Increasing atmospheric temperatures and/or
humidity over time have been hypothetically linked
to higher future mortality rates in U.S. urban
centers in summer.  These various
prognostications utilize historical relationships
between mortality (adjusted for demographic
changes) and weather based upon the
demonstrable relationship between heat and daily
mortality in many cities in the Northeast and
Midwest.

Pre viou s  r es e ar ch  b y  the  au th or s  h as 
d emon str ated  th at th es e mor ta lity fo r ec as ts  ar e
lik ely b ia se d  b ec au s e th e y fa il to  a c co un t for 
tempo ra l c ha n ge s in  he at- mo rtality  r e la tion s hips 
( Da vis e t al, 2 00 2; Da vis  e t al., 20 0 3a , 20 0 3b ).  We
h av e pr o po se d  tha t a  full s uite  of a d ap ta tio ns , fro m
inc re as e d air  c on ditio nin g us ag e  to b io ph ys ica l
c ha ng es , h av e  r es ulted  in  ind iv idu als  a nd 
p op ulation s tha t ha v e be c ome le s s se n sitive  to  h igh 
a nd  h umidity  th an  th ey  w e re  thir ty  y e ar s ag o .

However, our previous work treated each day
individually—we did not investigate decadal-scale
changes in mortality linked to multiple-day heat
events (heat waves).  In this preliminary analysis,
we pose several questions:

1) Have mortality rates changed on a decadal
basis in conjunction with heat waves?

2) Given the evidence for significant
adaptations over time, is there a relationship
between relatively hot, humid days and mortality?

3) Is there evidence for temporal changes in
the weather associated with high mortality events?
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There is no industry-standard, quantitative
definition for a “heat wave.”  With respect to
human mortality, the human response to heat is
known to vary significantly over both time and
space (Davis et al., 2003a, 2003b).  Therefore, we
examine this issue using two approaches.  In the
first case, we identify hot, humid periods and then
calculate mortality during these events.  In the
second approach, we identify high mortality events
and examine the related weather to determine if
the average weather conditions associated with
high death rate events have changed over time.

2. DATA AND METHODS

In this preliminary analysis, we examine daily
mortality data for Philadelphia, Pennsylvania.
Daily total mortality counts for the Philadelphia
Metropolitan Statistical Area (MSA) were gathered
from National Center for Health Statistics archives
from 1964–1998.  Data from 1967–1972 were not
used because the date of death was not
systematically recorded during this period of time.
To allow for the examination of decadal-scale
changes, the data were organized into three
“decades” of approximately ten years each:  the
“1960s–70s” (1964–66 and 1973–79), the “1980s”
(1980–89) and the “1990s” (1990–98).  To
facilitate interdecadal (and ultimately inter-MSA)
comparisons, daily death totals were age-
standardized using commonly-accepted
epidemiological practices (Anderson and
Rosenberg, 1998).  The basis for standardization
was the age distribution of the entire U.S.
population in the year 2000.

Mortality exhibits a very clear cold-season
peak (Davis et al., 2003c).  To eliminate potential
biases associated with the intra-year timing of heat
waves, age-adjusted mortality is standardized by



subtracting the median mortality of each month
from the daily mortality count.  The resulting
mortality anomalies exhibit neither seasonal nor
temporal trends.

Hourly weather data were gathered from the
weather station at Philadelphia International
Airport.  Apparent temperature (Steadman, 1979)
was calculated from the hourly air temperature
and dew point temperature data at 0700 LST
based on prior research demonstrating the
importance of consistently high morning
temperatures associated with elevated heat wave
mortality  (e.g., Smoyer et al., 2000).

As our analyses are event based, it is
necessary to first convert our daily data into event
data. We define two types of events, mortality
events and apparent temperature (AT) events. We
define an event of either type as two or more
consecutive days in which the variable of interest
is either above or below a baseline value. In the
case of mortality, the baseline is defined as the
median mortality for each year-month. In the case
of AT, the baseline is defined as the average 0700
LST AT of the preceding 21 days exclusive of the
days within the event. Events may be a collection
of either positive or negative anomalies
(differences from the baseline). Within each event,
we tally the total mortality anomaly, the average
0700 LST AT, the maximum 0700 LST AT, and
the difference between the maximum 0700 LST
AT and the average of the 0700 LST AT during the
previous 21 days excluding the days within the
event. This latter quantity, which we refer to as the
maximum 0700 LST AT anomaly, is a measure of
how unusual the temperatures during the event
were in comparison with the temperatures that the
population had been recently experiencing.

To determine the relationship between
mortality and temperature within events, we create
a series of 2x2 contingency tables (one for each
“decade”) with each cell containing the number of
co-occurrences of specific mortality and AT
situations.  Within AT-defined events, we divide
our data into those events that have a maximum
0700 LST AT anomaly in the upper one standard
deviation above the mean for the period defined
by the months of June, July and August and those
events with a maximum 0700 LST AT anomaly
less than or equal to one standard deviation above
the mean. We also divide the total mortality
anomaly within each AT-defined event in the June,
July and August period into two subsamples:
those events with a total mortality anomaly greater
than one standard deviation above the mean, and
those events with a total mortality anomaly less
than or equal to one standard deviation above the

June, July, and August mean for each “decade.”
We repeat the steps above using mortality-

defined events.

3. RESULTS AND DISCUSSION

3.1 Apparent Temperature-Defined Events

The standard approach in this type of study is
to first identify heat waves and then to determine if
mortality is elevated during those events.  We
present the results using a 2x2 contingency table
with “observations” (in this case, the number of
mortality events) in columns and the “forecasts”
(AT events) in rows (Table 1).  Each decade is
presented separately to allow for inter-decadal
comparison.  For example, in the 1960s-70s, out
of 169 total events, there were 8 occasions when
heat waves corresponded with mortality elevated
above a one standard deviation threshold (Cell A),
and the mean daily mortality on these events was
44.00 deaths.  On 22 occasions, heat waves were
not associated with excess mortality (Cell B).
Furthermore, there were 6 high mortality events
not linked to high heat in the 1960s-70s (Cell C),
although the average death rate during these
events (24.96) was lower than that during heat
waves.  Obviously, most events are associated
with neither high mortality nor high heat (Cell D).

If the presence of a “heat wave” is used to
“forecast” excess mortality, this forecast would be
successful less than one-fourth of the time in the
1960s-70s (Threat Score=0.22) (Wilks, 1995).
This number remains low in subsequent decades,
suggesting that high mortality events are
frequently not associated with heat waves,
regardless of the decade.

Kuipe r’s  s kill sc or e  ( KSS) pr ov ide s a n ov er a ll
a ss es sme nt o f the  fr eq ue n cy  o f c or re c t fo re c as ts 
r elativ e  to e xp ec ta tio ns  (W ilks , 1 99 5) .  A pe r fe ct
for ec as t y ie lds  a  KSS eq u al to o ne  a n d ra nd o m
for ec as ts pr o du ce  a  KSS o f ze ro .  Us e  o f he a t
w av es  a lon e to fo re c as t mor ta lity ev e nts ex h ib its 
s ome sk ill ( 0 .4 3– 0.5 4)  b u t no  c lea r tre nd  o v er  time .

The mean mortality during heat waves has
declined markedly in Philadelphia from 44.0
deaths/day in the 1960s-70s to 14.67 in the 1980s
to 12.65 in the 1990s.  These declines occurred
despite maximum 0700 LST event ATs that
averaged 1.0°C higher in the 1990s compared to
the 1960s (Table 3).  However, the KSS value of
0.44 indicates that there remains evidence of heat-
wave mortality in Philadelphia in the 1990s, but
that mortality is occurring at a higher AT threshold
(i.e., the temperature anomalies are similar), in
agreement with our recent research (Davis et al.,



2003a, 2003b)

3.2 Mortality-Defined Events

An alternative approach is to examine periods
of anomalously high mortality and then determine
if these events are consistently linked to above
normal ATs.

In the 1960s-70s, 10 of the 16 mortality events
(63%) occurred in conjunction with heat waves
(Table 2).  This ratio dropped to 44% by the
1990s, and mean mortality within the events was
reduced by almost 50%.  However, the
consistently low Threat Score (~0.25) over all
three decades indicates that other factors are
having a strong influence on the heat wave-
mortality linkage.  The KSS values (averaging
about 0.26) are much lower than those using
temperature-based definitions.

 It is imp or tan t to  no te  th at th e av e ra ge 
max imum 07 00  LST AT an oma lies  d u ring  ev en ts 
r emaine d  fair ly  c on s is te n t ov er  time  (Tab le  4) .
G iv en  th e ob s er ve d p os itive  tre n d in  ATs , th is
p ro vide s  a dd ition al ev id e nc e th a t so me de gr e e of
a da ptation  h a s oc cu r re d o ve r ou r  p er iod  o f r ec or d .
Bec au se  th e lon g- te r m tr e nd  w as  re mo v ed  in o ur 
a na ly sis , mo r ta lity  ev en ts ar e lin ke d  to he a t wa v es 
tha t re p re se n t th e s ame r elativ e  te mp er a tu re 
d ep ar tu r es  in  the  1 9 90 s tha t th e y did  in th e  1 96 0 s- 
7 0s .

4. CONCLUSIONS

Our previous work on decadal-scale mortality
trends demonstrated that mortality rates on hot,
humid days had declined significantly in
Philadelphia over time but that some degree of
heat response remained evident in the 1990s.
This research confirms those general findings with
respect to heat waves.  The association between
high AT events and high mortality events has
essentially remained unchanged over time, and
high mortality events are consistently linked to
comparable AT departures over our entire period
of record.  These results provide support for
arguments that adaptations have reduced, but
have not eliminated, the linkage between high
heat and mortality.  Thus, those who argue for
relative rather than absolute thermal thresholds
are supported by our preliminary findings.

The lack of strong linkages between heat
waves and mortality can be accounted for in
several different ways.  Mortality displacement
would reduce the impact of subsequent heat
waves within a year following any major mortality
event.  Within-season acclimatization could have a

similar impact.  Furthermore, the timing of any
heat wave within a calendar year may influence
the resulting mortality.  Fortunately, many of these
questions can be addressed using an approach
similar to the one outlined here.  Our future work
will involve an expansion of this study to other
major metropolitan areas in the United States.
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Table 1. Contingency tables, by “decade,” of
mortality associated with high and low AT events.
Event frequencies are presented in each cell with
the mean mortality in parentheses.  The Threat
Score and Kuiper's Skill Score are presented for
each "decade" below the table.

Table 2. Same as in Table 1 for mortality-defined
events.



Variable Mean Std. Dev. Count
AT 1960s+70s 21.42 3.57 169
AT 1980s 21.63 3.53 187
AT 1990s 22.55 3.73 156
Max AT 1960s+70s 23.29 3.93 169
Max AT 1980s 23.26 3.87 187
Max AT 1990s 24.27 4.12 156
Max AT Anom 60s+70s 2.21 4.07 169
Max AT Anom 1980s 1.78 4.01 187
Max AT Anom 1990s 2.10 4.27 156

Table 3. Summary statistics, by “decade” for
apparent temperature-defined events during the
months of June, July and August; 0700 LST
average apparent temperature, ºC, (AT), average
maximum 0700 LST AT within each event, ºC,
(Max AT), and the average difference between the
maximum AT within each event and the average
0700 AT during the preceding 21 days exclusive of
the days within the event, ºC, (Max AT Anom).

Variable Mean Std. Dev. Count
AT 1960s+70s 21.58 3.30 217
AT 1980s 21.86 3.40 240
AT 1990s 22.85 3.60 212
Max AT 1960s+70s 23.58 3.49 217
Max AT 1980s 23.76 3.69 240
Max AT 1990s 24.78 3.99 212
Max AT Anom 60s+70s 2.45 3.44 217
Max AT Anom 1980s 2.21 3.23 240
Max AT Anom 1990s 2.66 3.59 212

Table 4. Same as Table 3 for mortality-defined
events.


