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Last summer, Philadelphia, Pennsylvania, instituted a new Hot Weather—Health Watch/Warning System (PWWS)
to alert the city’s.residents of potentially oppressive weather situations that could negatively affect health. In addition,
the system was used by the Philadelphia Department of Public Health for guidance in the implementation of mitigation
procedures during dangerous weather. The system is based on a synoptic climatological procedure that identifies “op-
pressive” air masses historically associated with increased human mortality. Airmass occurrence can be predicted up to
48 h in advance with use of model output statistics guidance forecast data. The development and statistical basis of the
system are discussed, and an analysis of the procedure’s ability to forecast weather situations associated with elevated
mortality counts is presented. The PWWS, through greater public awareness of excessive heat conditions, may have
played an important role in reducing Philadelphia’s total heat-related deaths during the summer of 1995.

1. Introduction

Interest in the impact of weather on human health
has increased dramatically in recent years, especially
in light of potential climate changes (IPCC 1995;
WHO/WMO/UNEP 1996). There is well-documented
evidence that hot weather, in particular, contributes
to increased morbidity and mortality in large urban
areas (Pennsylvania Emergency Management Coun-
cil 1994), and numerous cities have established watch/
warning systems to help the local health departments
prepare for dangerous conditions. Most of the systems
in place are based on a series of National Weather
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Service (NWS) guidelines and rely on the computa-
tion of the “heat index” (also known as apparent tem-
perature), which combines the impact of temperature
and relative humidity (NOAA 1994). Specifically, an
excessive heat warning is issued by the NWS when
daytime heat index values are expected to reach
40.5°C (105°F) or above for more than 3 h a day for
2 consecutive days, or when the daytime heat index
is expected to exceed 46°C (115°F) for any length of
time.

Watch/warning systems based on the heat index are
deficient for a number of reasons. First, they assume
that people respond to a combination of only two
meteorological variables: temperature and relative
humidity. It is quite clear from other studies that a
number of other meteorological variables play a sig-
nificant role. For example, cloud cover has been
shown to be a statistically significant predictor of el-
evated human mortality during hot weather, as clear
skies add considerably to the heat load of dwellings,
especially those in impoverished urban areas
(Kalkstein and Davis 1989). In addition, wind speed
is a desiccating factor and adds heat load to the body
when temperatures are excessive (Steadman 1979).
Second, the present NWS system does not take into
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account the negative impact of several consecutive
days of oppressive weather (no changes are made
beyond 2 consecutive days), nor does it account for
the fact that heat waves earlier in the summer season
seem to create more of a health danger than those late
in the season (Kalkstein 1993; WHO/WMO/UNEP
1996). Third, the heat index values used to define dan-
gerous conditions have not been proven as estimators
of either morbidity or mortality. Fourth, no estimates
of morbidity or mortality can be derived from exces-
sive heat warnings, as there is no empirical basis for
the establishment of criteria. Finally, these same val-
ues are used at numerous locations without regard to
human adaptation or acclimatization; a heat index of
40.5°C will have a much different impact on the popu-
lation in Boston than in Dallas (Kalkstein and
Valimont 1986). ’

Persons respond to the total effect of all weather
variables interacting simultaneously on the body,
rather than to individual meteorological elements.
Therefore, an appropriate means to evaluate weather—
health relationships is through the identification of
high-risk or “oppressive” air masses that, when
present, could negatively impact human health. Stud-
ies funded by the U.S. Environmental Protection
Agency (EPA) and the Southern Regional Climate
Center indicate very strong relationships between
particular excessively hot, oppressive air masses and
increased human mortality (Scheraga and Sussman
1996). Based on results from these and other studies,
the Philadelphia Hot Weather—Health Watch/Warn-
ing System (PWWS) was developed. Through the
identification of such oppressive air masses, the
PWWS provides information to the public and appro-
priate health agencies that weather situations that
could be potentially hazardous are predicted or im-
minent.

A direct association has been noted between op-
pressively hot weather and increased human mortal-
ity in a number of studies (Smith and Tirpak 1989;
Kalkstein 1993; Kunst et al. 1993; Touloumi et al.
1994). In particular, mortality increases sharply above
specific weather thresholds, especially maximum
temperature, in many domestic and international cit-
ies (Kalkstein and Davis 1989; IPCC 1995). Through
the use of a synoptic climatological approach,
Kalkstein (1991) found that one particular summer air
mass in St. Louis possessed the highest mean mor-
tality and occurred on many of the highest mortality
days, even though it was climatologically infrequent.
Although not all days within this air mass possessed
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high mortality totals, it was possible to determine
which meteorological (e.g., temperature, cloud cover)
and nonmeteorological (e.g., consecutive day se-
quence, within-season timing of occurrence) param-
eters were associated with the highest daily mortal-
ity totals. '

City location, the magnitude of the urban heat is-
land effect, and housing conditions influence the mag-
nitude of the negative health impacts associated with
oppressive summer weather. Cities in the northeast-
ern and midwestern United States demonstrate the
strongest weather—mortality relationships, and this
may be due in part to the irregularity of oppressive
summer air masses. Such situations occur much more
frequently in the southeastern United States, permit-
ting behavioral and possibly physiological acclimati-
zation to these conditions. Housing type, especially
in the inner cities, may also play a role. In cities such
as Philadelphia and St. Louis, the prevalence of mul-
tifamily structures characterized by red brick walls,
tar roofs, and poor air flow contributes to inferior
ventilation and increased solar load on the building
when compared to similar inner-city housing in the
Southeast and the West. It is easy to understand why
the number of heat-related deaths in a city such as
Chicago can top 500 in a few days during an intense
heat wave (Kalkstein 1995). Thus, it is these cities that
require the establishment of a comprehensive
weather—health watch/warning system, to permit city
health departments to take mitigating action and to
alert the public that dangerous weather is predicted.

2.Development of the watch/warning
system

a. Meteorological data and synoptic category

development

An automated airmass-based climatological index
was developed for the PWWS to categorize each day
based on its meteorological character using a synop-
tic climatological approach. The synoptic procedure
has been designed to group days that are meteorologi-
cally homogeneous. This is accomplished by defin-
ing each day in terms of six readily available meteo-
rological elements (air temperature, dewpoint tem-
perature, total cloud cover, sea level pressure, wind
speed, and wind direction). The elements are mea-
sured four times daily (0100, 0700, 1300, and 1900
LST), and the developed 24 variables represent the
basis for categorization.
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The PWWS is based on the temporal synoptic in-
dex (TSI) (Kalkstein et al. 1987), which uses princi-
pal components analysis (PCA), a technique that re-
writes the original 24-variable data matrix into a new
set of components that are linearly independent and
ordered by the amount of the variance they explain
(Daultrey 1976). Component loadings are calculated,
which express the correlation between the original
variables and the newly formed components. Each day
is then expressed by its particular set of component
scores, which are weighted summed values whose
magnitudes are dependent on the weather observation
for each day and the principal component loading.
Thus, days with similar meteorological conditions will
tend to exhibit proximate component scores. Refer to
Kalkstein et al. (1987) for a detailed discussion of
PCA in the development of the TSI

A clustering procedure is then used to group those
days with similar component scores into meteorologi-
cally homogeneous groups, which represent the
airmass types. There are numerous clustering meth-
ods available, but previous studies have shown that
an efficient clustering procedure in the development
of a synoptic climatological index is the average link-
age method (Kalkstein et al. 1987; Yarnal 1993). Once
the groups have been determined, average meteoro-
logical characteristics are determined for the 24 me-
teorological variables for all days within each particu-
lar group (air mass). Weather map evaluation is also
performed to describe the general characteristics and
similarities of each TSI group (Table 1).

b. Mortality data

The National Center for Health Statistics (NCHS)
produces a detailed mortality database that contains
arecord for every person who died in the United States
from 1964 to the present. The data include cause, place
and date of death, age, and race (NCHS 1978). These
values were extracted for the Philadelphia Standard
Metropolitan Statistical Area (SMSA) from 196466,
1973-76, 1978, and 1980-88, years for which the date
of death is included. A tabulation of total deaths is
made for each day through the period of record.

All mortality data are adjusted to account for
changes in the total population of the Philadelphia
SMSA during the period of record. A direct standard-
ization procedure is used, and a mortality trend line
is constructed for the period of record based on mean
daily mortality for each year of record. Mortality is
expressed as a deviation around this temporal baseline
value (Kalkstein 1991; Lilienfield and Lilienfield 1980).

Bulletin of the American Meteorological Society

¢. Relationship between synoptic categories and
mortality

The mean daily mortality for each synoptic cat-
egory, along with the standard deviation, is deter-
mined to ascertain whether particular categories ex-
hibited distinctively high or low mortality values.
Potential lag times are accounted for by evaluating the
daily synoptic category on the day of the deaths, as
well as 1, 2, and 3 days before the day of the deaths.
Daily mortality is also sorted from highest to lowest
during the period of record to determine whether cer-
tain synoptic categories are prevalent during the high-
est and lowest mortality days in Philadelphia. For
many cities, it is apparent that one or two hot air
masses possess a much higher mean mortality than the
others, and these “oppressive” air masses contain an
inordinately high percentage of days with the great-
est mortality totals (Kalkstein 1991). For Philadelphia,
this offensive air mass is identified as category 3
(maritime tropical, oppressive; Tables 1 and 2). This
is the hottest air mass in Philadelphia during summer
and is also characterized by the highest dewpoint tem-
perature, southwesterly winds, and partly cloudy con-
ditions. Category 3 possesses the highest mean mor-
tality for a lag of O days.

While this maritime tropical air mass has a daily
mean mortality well above the overall mean, not all
days within this airmass type possess elevated mor-
tality totals; the standard deviation of daily mortality
is particularly high for this air mass (Table 2). Thus,
the PWWS must not only identify the oppressive air
mass, it must also identify which days within this air
mass will have elevated mortality. Using a standard
stepwise multiple regression analysis, it is possible to
determine which factors within the oppressive air
mass contribute to elevated mortality (Table 3). In
Philadelphia, the factors contributing to elevated daily
mortality when the oppressive air mass is present
include:

* the number of consecutive days the air mass has
been present,

* maximum temperature, and

* the time of season (e.g., whether the oppressive
air mass occurs early or late within the summer
season).

The resulting algorithm satisfies the Box and Wetz
(1973) criteria for being a statistically robust predic-
tor and can be used to estimate mortality for any given
day.
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TaBLE 1. Mean meteorological characteristics for 11 summer ajrmass types—Philadelphia.

_ Cloud
Category Airmass Category Time T, T, Atmospheric cover
no. type frequency* (h) °CP °Ce pressure (mb)  (tenths) Wind?
1 Anticyclonic, 9.5 20 16 1020 5 Variable,
mild 18 16 1020 7 light
26 16 1020 7
25 16 1018 7
| 1019 8 NE,
1020 9 moderate
L1020 9
1019 8
Maritime 1017 4 SW,
tropical, 1017 5 light
oppressive 1016 4
21 1014 5
20 1014 8 SW,
21 ! 1013 9 moderate
21 1013 8 '
; 21 1011 8
5 Maritime 8.7 0100 23 21 1017 7 SE,
tropical, 0700 22 21 1018 9 light
cloudy and 1300 29 21 1018 8
humid 27 21 1016 8
Cyelonic, 7.0 24 2t 101 7 W,
- cloudy and 23 20 1010 7 moderate
/ humid 30 20 1011 6
w 1900 28 18 1010 5
7 Anticyclonic, 6.2 0100 21 17 1020 2 SW,
warm and dry 0700 20 17 1020 3 moderate
1300 30 18 1020 3
1900 29 18 1018 3
~ Weak 47 - D100 9318 1014 4 NW,
 transition. : 0700 21 17 1016 3 Light
from maritime . - 1300 29 16 1016 3
o ‘ 1900 29 15 1016 2
9 Modified 6.8 0100 20 17 1014 5 SW.,
continental 0700 20 17 1014 7 light
1300 27 17 1014 7
1900 26 17 1013 6
10 Anticyclonic 129 g0y 1020 2 NW,
~ continental, o0 1610 1021 2 light
, - cool anddry 1300 25 10 1022 3
{ o 1900 25 11 1020 4
11 Transition to 6.2 0100 18 13 1011 4 NW,
continental 0700 17 12 1012 4 moderate
1300 24 11 1013 5
1900 24 10 1012 4

*Percent of total days within each category. Categories less than 2.0% frequency omitted.
SAir temperature.

‘Dewpoint temperature.

‘Wind direction and speed.

1522 Vol. 77, No. 7, July 1996






