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ABSTRACT: The relationship between winter ischaemic heart disease (IHD) deaths and weather is
investigated using a synoptic climatological approach. First the main air mass types affecting the study
area are identified and then an assessment of the extent of the statistical relationship between mortal-
ity and the identified air mass types is made. Within air mass type meteorology-mortality relationships
are also explored. Study results show that increased mortality rates are associated with 2 air mass types
with contrasting physical properties: a cold polar continental type associated with an anticyclonic sys-
tem lying over the European continent to the north or east of the study area and a moderately warm
blustery maritime type that occurs as an Atlantic ocean low pressure system approaches the study area.
An analysis of air mass sequences also demonstrates that IHD mortality is related to air mass change.
Results are discussed in terms of methodologies for climate mortality studies.
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1. INTRODUCTION

Studies of the link between atmospheric variables,
loosely referred to as the weather, and health have a
long history (Driscoll 1971, Tromp 1980, Tout 1987,
Curson 1996, McMichael et al. 1996, Martens 1998). A
characteristic of many of these studies however is the
simple treatment of weather as a single, or at best, a
2-variable (temperature and humidity) phenomenon
(Tselepidaki et al. 1995, Eurowinter Group 1997). Cli-
mate and weather are, however, the manifestation of
the synergistic behaviour of a range of atmospheric
variables. This behaviour expresses itself in the form of
air masses, which can be defined as large bodies of air
with relatively homogeneous temperature, humidity
and stability characteristics. The long- and short-term
temporal and spatial variability of air masses produces
the climate of and brings the daily weather changes
experienced at a location. Given this, a logical and
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alternative approach to the assessment of climate-mor-
tality relationships would be to search for the existence
of links between mortality and the spectrum of air
mass types or weather situations that may affect a loca-
tion. Such an approach makes sense not only from the
climatological but also the biometeorological point of
view as the human body responds to the totality of the
atmospheric environment as encapsulated by air mass
types. Furthermore, the human body may respond dif-
ferently to contrasting air mass types or weather situa-
tions or combinations of these.

Despite the theoretical justification for applying an
air mass based approach to the analysis of weather-
health relationships, few recent studies have adopted
this approach. This is of interest as, in an extensive
review of the literature on weather health relationships
for the years 1935 to 1968, Driscoll (1971) noted a trend
away from analyses of health outcomes in terms of
individual atmospheric elements to analyses based on
synoptic climatological characteristics such as air mass
types and the occurrence or non-occurrence of fronts.
Unfortunately, this trend appears to have not been
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sustained as only a few climate and health studies
based on a synoptic approach have appeared in the lit-
erature since the early 1980s (Balling 1984, Muller &
Jackson 1985, Anto & Sunyer 1986, Sanchez 1990,
Driscoll 1992, Jendritzky & Bucher 1992, Bucher &
Hasse 1993).

Perhaps the greatest advances in the application of
air mass based approaches to the analysis of weather/
climate and health relationships have come from the
University of Delaware (United States) school of synop-
tic climatology (Kalkstein 1991, Kalkstein & Smoyer
1993, Greene & Kalkstein 1996, Kalkstein & Greene
1997). Regrettably, the application of the ‘Delaware
approach’ to the analysis of weather-health relation-
ships has, as yet, not been applied outside the United
States despite its proven utility for shedding light on a
range of climate and health issues (McMichael et al.
1996).

The aim of this paper is therefore to apply the air
mass based approach, as described by Kalkstein
(1991), to the analysis of weather and health relation-
ships for the Birmingham area, United Kingdom. The
health outcome considered is winter ischaemic heart
disease (IHD) mortality as this accounts for around
64% of the total daily winter deaths due to IHD and
chronic obstructive pulmonary and cerebrovascular
disease for the study area. Specifically, this study
attempts to assess whether statistically significant rela-
tionships exist between air mass types and IHD mortal-
ity.

This paper is organised into 6 parts. In Section 2 the
methodology will be presented. The air mass types or
weather situations identified for the study period will
be described in Section 3. The association between
weather and IHD mortality will be assessed in Sec-
tion 4 using firstly a traditional correlation based epi-
demiological approach and secondly an air mass based
approach. In Section 5 the extent to which certain air
mass sequences provide the requisite meteorological
conditions for elevated IHD mortality will be assessed.
Study results will be discussed in Section 6 and conclu-
sions drawn in Section 7.

2. METHODOLOGY

A winter only analysis is presented here because
winter (November to February) possesses the highest
mean and most variable mortality rates for IHD. The
methodology follows 3 broad steps which are at the
heart of the synoptic climatological approach to the
analysis of general atmosphere-environment relation-
ships (Yarnal 1993). These are firstly the identification
of air mass types (AT) using standard meteorological
data, secondly the characterisation of these in terms of

IHD deaths and thirdly the exploration of air mass type
IHD mortality linkages using stepwise regression
analysis. For this study a simple mortality index
referred to as the IHDINDEX was calculated to express
mortality as a percentage of the mean daily mortality
rate for the 6-winter study period. An IHDINDEX value
of 100 is interpreted as the mean winter rate of 10.4
deaths d1.

The identification of winter air mass types was based
on the use of standard meteorological data for the win-
ters (NDJF) 1988-89 to 1993-94 in conjunction with
principal components analysis (PCA) followed by clus-
ter analysis (CA). The outcome of the application of
these 2 techniques is a temporal synoptic index (TSI)
from which a daily calendar of air mass types may be
constructed. The utility of the TSI for studying
weather-health linkages for a single location has been
outlined by Kalkstein (1991). Furthermore such tech-
niques have proved useful for analyses of air quality,
weather and respiratory disease relationships in the
study area (McGregor & Bamzelis 1995, McGregor et
al. 1999). It is acknowledged here that, although air
masses are truly 3-dimensional, the unavailability of
upper air data for the study area precluded categorisa-
tion according to their three-dimensional character.
The air mass descriptions presented are therefore for
surface characteristics only.

The meteorological variables used in the analysis
were either directly measured or estimated from data
collected at 09:00 and 15:00 h at the University of
Birmingham, School of Geography automatic weather
station (AWS) which has been ratified by the United
Kingdom Meteorological Office as a representative
regional climate station. Variables included dry bulb
temperature, mixing ratio, cloud cover, atmospheric
pressure, meridional and zonal wind components and
wind speed. The meteorological data set for input into
the PCA thus comprised 14 variables (7 variables twice
daily) x 662 d (59 d were not available for January and
February 1994). Deaths with the Classification of Dis-
ease coding IHD 410.0 to 414.9 were extracted from
records obtained from the West Midlands Health
Authority and form the IHD mortality data set for the
study.

Multiple stepwise regression analysis was used to
explore the nature of the linkage between a range of
independent meteorological variables and the depen-
dent IHD mortality variable for each of the air mass
types. Two sets of variables made up the independent
meteorological data set; the variables used to construct
the air mass types and a set of large-scale atmospheric
circulation variables (Table 1). All meteorological vari-
ables met the condition of a normal distribution as
established by a Kolmogorov-Smirnov test (Ebdon
1985). In the case that highly inter-correlated variables
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Table 1. Variables used in multiple stepwise linear regression analyses

Variables

Description

Ta9 and Tals

Tdew9 and Tdew15
SLP9 and SLP15

u9 and v9, ul5 and vi15
ws9 and ws15

erature from previous day

Dry bulb temperature at 09:00 and 15:00 h respectively (°C)

Dew point temperature at 09:00 and 15:00 h respectively (°C)

Sea level pressure at 09:00 and 15:00 h respectively (hPa)

Local Birmingham westerly (u) and southerly (v) wind components at 09:00 and 15:00 h respectively
Local Birmingham wind speed at 09:00 and 15:00 h respectively (m s™)

W Large-scale mean daily zonal wind component (hPa per 10° at 55° N)

S Large-scale mean daily meridional wind component (hPa per 10° at 55° N)

z Large-scale mean daily total vorticity (hPa per 10° at 55° N)

ZW Large-scale mean daily westerly shear vorticity (hPa per 10° at 55° N)

ZS Large-scale mean daily southerly shear vorticity (hPa per 10° at 55° N)

T-1 Indicates variable lagged by 1 d

d/dt Indicates change over previous 24 h for example dTdew9/dt is change of 09:00 h dew point temp-

(correlation coefficient greater than 0.7) appeared in
the regression equations, such as dry bulb and dew
point temperatures, one of these variables was re-
moved and the regression analysis performed again.

3. EMERGENT AIRMASS TYPES

Application of a P mode PCA (Yarnal 1993) resulted
in 4 principal components being identified. These
accounted for 71.6% of the original data variance.
Clustering of principal component scores resulted in 6
major air mass types being identified. The main mete-
orological characteristics of the air mass types as
described by University of Birmingham AWS data and
large-scale atmospheric circulation variables (see
below) are summarised graphically in Fig. 1la-f. Rep-
resentative synoptic charts for each air mass type are
presented in Fig. 2a-f. These were selected based on
an analysis of the cluster analysis dendrogram. Syn-
optic weather charts for days at and around the cen-
troid for each of the 6 clusters were inspected. For
each cluster the number of days inspected was equiv-
alent to 25% of the number of days making up the
cluster. A chart representative of these days was then
selected to portray the general synoptic-scale situa-
tion associated with the air mass type. The air mass
types and their associated weather situations are
described below. To lend a large-scale element to
these descriptions, additional atmospheric circulation
variables derived from a coarse 5° by 10° grid of mean
sea level pressure covering the region between 70°
and 40° N and 25° W to 15° E were also used. The
variables are geostrophic and are expressed as hPa
per 10° at 55° N and include zonal and meridional
wind components, total vorticity and westerly and
southerly shear vorticity (Table 1) as described in
Kilsby et al. (1998).

3.1. AT1. Polar maritime. Strong moderately cool dry
northwest flows associated with cyclonic vorticity typ-
ify AT1 (Fig. 1le,h). Rapidly falling temperatures and
moisture levels but decreasing southerliness of flow
are a distinct feature (Fig. 1i,j,m). Over an AT1
sequence there is a tendency for pressure to fall and
cyclonic vorticity to increase (Fig. 1k,1). The synoptic-
scale situation is dominated by rapid eastwardly mov-
ing depressions to the north of the UK (Fig. 2a).

3.2. AT2. Moist anticyclonic. Moderately cool moist
weak southwesterly to northwesterly flows associated
with anticyclonic vorticity are a distinct characteristic
of AT2 (Fig. 1h). The moderately high atmospheric
moisture levels tend to increase over an AT2 sequence.
Heavily overcast conditions well above the winter
average exist (Fig. 1¢). Temperature changes are gen-
erally limited to + 2°C (Fig. 1i). Pressure is moderately
high and tends to demonstrate a small increase, as
does anticyclonic vorticity (Fig. 1k,I). Associated with
these trends is a decreasing westerliness of the large-
scale flow but little change in the meridional compo-
nent (Fig. 1m,n). A well-developed anticyclonic sys-
tem which lies over the UK with a meridional
orientation of isobars typifies the AT2 situation
(Fig. 2b).

3.3. AT3. Tropical maritime. Warm and moist south-
westerly flows associated with weak large-scale anti-
cyclonic vorticity characterise this type (Fig. 1f-h).
Cloud cover is generally high but variable (Fig. 1c).
Increasing temperature and moisture levels as well as
strengthening southerly and westerly wind compo-
nents are a feature (Fig. 1i,j). There is a weak tendency
to increasing vorticity levels over AT3 sequences
(Fig. 11). A trough of low pressure lies to the west of the
UK. This often extends to subtropical latitudes and is
responsible for the advection of warm moist air over
the UK. Imbedded in the trough are weak centres of
low pressure to the northwest and southwest of the UK.
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Fig. 1. (Facing page and above.) Meteorological characteristics of winter air mass types. (a-k) Variables measured at Birming-
ham; (I-n) large-scale circulation variables with units of hPa per 10° latitude at 55° N derived from a coarse pressure grid (see text
for details)

A moderately well-developed anticyclone lies over
eastern Europe. Over western Europe pressure gradi-
ents are weak (Fig. 2c). AT3 is the warmest and most
humid of the winter air mass types (Fig. 1a,b). Thisis a
transitional type between AT2 and AT4.

3.4. AT4. Mid-latitude maritime air mass charac-
terised by moderately warm moist but very strong
southwesterly flows and very overcast conditions
(Fig. 1c,e,f). At the large-scale a moderately intense

low pressure dominates the atmospheric circulation
over the majority of the northeast Atlantic and north-
western Europe (Figs. 1h & 2d). AT4 is generally char-
acterised by increasing temperature and moisture lev-
els, strengthening southwestery flows, falling pressure
and increasing cyclonic vorticity (Fig. 1i-m). These
trends are associated with the rapid movement of a
centre of low pressure and its attendant fronts from the
mid-North Atlantic towards the UK (Fig. 2d).
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Fig. 2. Representative synoptic charts for the 6 winter air mass types
3.5. AT5. Sub-polar maritime. This air mass is charac- However, for the majority of AT5 days these changes

terised by cool moderately moist westerly to northwest- are limited to a small range: £2°C for temperature + 1 g
erly flows (Fig. 1a-f). Slight temperature and moisture kg™ for the mixing ratio (Fig. 1i,j). Cloud cover is high
level increases or decreases occur with this air mass. but there is some variation between days (Fig. 1c). The
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circulation features associated with AT5 are typically
a well-developed anticyclonic system over the mid-
Atlantic and a moderately intense cyclonic system
north of the UK lying between Iceland and Scan-
danavia. This configuration results in the advection of
cool moist air over the UK from the northwest (Fig. 2e).
Atmospheric pressure is generally low but pressure
tendencies during AT5 days vary. Falling pressures are
a product of the advance of a sub-polar cyclonic system
eastwards towards the UK. Rising pressure follows the
eastward progression of the cyclonic system as the mid-
Atlantic anticyclonic system becomes more dominant.
AT5 possesses the greatest cyclonic vorticity of the
winter air mass types (Fig. 1h).

3.6. AT6. Sub-polar continental anticyclonic. Air
mass characteristics are typified by cold generally dry
conditions (Fig. 1a,b). These are associated with high
and increasing atmospheric pressure and anticyclonic
vorticity (Fig. 1d,h,1). Generally, wind speeds are low
with very weak southerly and westerly components
(Fig. 1le-g). Cloud cover statistics for this type are
strongly negatively skewed to low values. Completely
clear skies are a frequent occurrence (Fig. 1c). On
many occasions conditions are calm; however, strong
easterly flows which bring snow to the study area may
occur. On AT6 days temperature and moisture levels
generally remain low with little change (Fig. 1i,j). At
the large scale the atmospheric circulation situation is
dominated by a well-developed anticyclonic system
lying over Europe with a ridge of high pressure
extending westward over the UK (Fig. 2f). This situa-
tion results in the advection of cold dry continental air
over the UK. AT®6 is the coldest (Fig. 1a) and the most
anticyclonic (Fig. 1h) of the winter air mass types.

4. WEATHER AND MORTALITY RELATIONSHIPS

In this section the association between weather and
mortality will be assessed. This assessment will be
undertaken in 3 stages. Firstly in Section 4.1 a tradi-
tional analysis of weather mortality relationships will
be conducted using stepwise multiple linear regres-
sion analysis. This will be followed in Section 4.2 by an
assessment of the hypothesis that air mass types pos-
sess differential mortality levels and they therefore

Table 2. Multiple stepwise linear regression results for all 662

winter days
Variables r? p
Tal5q.y 0.014 0.007

ZW(r_1)
S

provide a suitable climatological context for analysing
weather-mortality relationships. The third and final
stage involves an assessment of the idea that weather-
mortality relationships vary for the air masses identi-
fied in Section 3 given that the human body may
respond differently to contrasting weather situations.

4.1. Linear regression analysis and
weather-mortality relationships

Daily IHD data was regressed against a range of
meteorological variables, as described in Table 1.
Stepwise multiple regression analysis results revealed
a significant relationship between daily mortality and 3
variables at the 0.001 level (variables were entered
[removed] from the multiple regression model based
on an F value of 0.05 [0.10]). Although the relationship
is very weak (r?> = 0.014) the variables in Table 2 indi-
cate that daily mortality on Day T is sensitive to low
afternoon temperatures (Tal5) and high westerly shear
vorticity (ZW) on Day T-1 and a strong southerly wind
component (S) on Day T (Table 2). These results sug-
gest that elevated mortality rates may be associated
with cool vigorous flows from the west backing to the
south. However, in terms of meteorology and the
dynamics of weather systems such a sequence of
events is difficult to account for. The regression results
are therefore somewhat contradictory and most likely
represent competing independent relationships be-
tween the regression variables and mortality. Such
competing effects may be due to the fact that there is
an element of equifinality in weather-mortality rela-
tionships such that elevated mortality rates may be
associated with markedly different weather situations.
This supposition is tested in the next section.

4.2. Air mass mortality relationships

Descriptive statistics for mortality by air mass type
are presented in Table 3. Although there appears to be
little contrast in mean and median mortality levels
among the air mass types, the application of an analy-
sis of variance (ANOVA) test revealed significant inter-
air mass type differences in mean daily mortality rate
at the 0.02 level (Table 4). However when an honestly
significant difference (HSD) test (Tukey 1953) was
conducted, to establish which of the air mass type pairs
are significantly different, it was found that only AT6
and AT2 possessed significantly different mortality
rates at the 0.01 level; AT6 possesses higher daily mor-
tality rates than AT2. This is noteworthy as these air
mass types are both anticyclonic but contrast in terms
of their moisture and temperature characteristics.
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Table 3. Daily mortality statistics by air mass type (AT). n is number of days on
which each air mass occurred; percentage occurrence is given in parentheses.
X, Md, Min and Max are mean, median, minimum and maximum respectively.
IHDINDEX > 150 is the number of days and the percentage of 44 d (in paren-
theses) when mortality was greater or equal to 1.5 times the overall winter

average of 10.4 deaths d*

rence for days with mortality levels
less than half the overall winter aver-
age (the 0-49 class). Inter-air mass
type contrasts can also be seen if the
100-149 and >150 classes are aggre-
gated to give the probability, for each

AT n (%) X Md Min Max IHDINDEX > air mass type, that the mortality rate
150 (%) will be greater than the winter aver-

age. Such an aggregation reveals a

% 122 ggi; 182 188 i ;g g 812 clear contrast in conditional probabili-
3 118 (17:8) 99 90 3 20 5 (11:4) ties for AT1, AT2, AT3 and AT4, AT5
4 83(125) 109 11.0 2 25 8 (18.2) AT6; the former group has probabili-
5 71 (10.7) 10.7 10.0 4 21 6 (13.6) ties varying between 38.1 and 42.8%
6 152(23.0) 11.0 10.5 3 24 15 (34.0) whereas the latter groups’ conditional
Total: 662 (100) 44 (100) probabilities range between 49.3 and
54.2%. The greatest contrast is be-

In terms of severe mortality events, defined as days
with mortality rates exceeding 1.5 times the 1988-89 to
1993-94 winter average (IHDINDEX > 150), clear inter-
air mass type contrasts are evident. For example AT6
and AT4 appear to account for a disproportionately
high percentage of severe mortality days (34.0 and
18.2% respectively) considering they occurred 23.0
and 12.5% of the time, respectively, during the study
period (Table 3). The opposite is true for AT2. Despite
its high frequency of occurrence (25%) only 11.4% of
the severe mortality days are associated with this air
mass (Table 3). This observation supports the findings
of the HSD test and suggests that there is a degree of
dependence of mortality level on air mass type such
that AT6 and AT4 (AT2 and AT3) possess dispropor-
tionately high (low) numbers of high mortality days. In
order to test this hypothesis mortality data was classi-
fied into 4 IHDINDEX classes (0-49, 50-99, 100-149,
>150), and cross-tabulated with air mass frequency. A
2-sample chi-square analysis (Ebdon 1985) was then
conducted to assess whether mortality rate is statisti-
cally significantly related to air mass type. Analysis
results revealed a weak relationship between mortality
rate and air mass type (significant at the 0.09 level, x? =
22.6, df = 15). This dependence can best be understood
by a consideration of conditional probabilities. These
are interpreted as the probability of a certain mortality
level being attained given the occurrence of a speci-
fied air mass type.

Conditional probabilities are displayed in Table 5 for
the same mortality rate classes as used for the chi-
square analysis. These show inter-air mass type differ-
ences for the IHDINDEX 0-49 and >150 classes.
Notable is the higher probability of a severe mortality
day (IHDINDEX > 150) occurring, compared to the
other air mass types, given the occurrence of AT6 and
AT4. AT6 also possesses a low probability of occur-

tween AT3 and AT4 as the latter pos-

sesses a 16.1% greater chance of
above average daily winter mortality: 54.2 (AT4) com-
pared to 38.1% (AT3).

Given the above, it is likely that the distribution of
mortality amongst the air mass types is not propor-
tional to the frequency of occurrence of the air mass
types. To test this hypothesis a 1 sample chi-square
analysis was conducted. Chi-square analysis results (x>
=15.19) indicate that there is a significant difference at
the 0.01 level (x%0: = 15.08 for 5 degrees of freedom) in
the proportion of the total mortality shared by the 6 air
mass types (Table 6). Examination of the chi-square
table reveals which air mass types contribute to the

Table 4. ANOVA test results of difference of mean mortality
between air mass types

Sum of df Mean F p
squares square
Between 156.942 5 31.388  2.667 0.021
group
Within 7720.287 656 11.769
group
Total 7877.228 662

Table 5. Conditional probabilities (%) by air mass type (AT).

Value given is the percentage probability that a given IHDIN-

DEX class will occur given the occurrence of the specified air
mass type

IHDINDEX ATl AT2 AT3 AT4 AT5 AT6

0-49.9 6.9 9.0 51 51 4.2 2.6
50-99.9 52.8 48.2 56.8 40.7 465 474
100-149.9 33.3 39.8 339 446 408 401
>150 6.9 3.0 4.2 9.6 8.5 9.9
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Table 6. Chi-square test for comparison of distribution of
observed and expected mortality by air mass type. Expected
(E): the product of the percentage occurrence of air mass type
(Table 3) and total deaths during the 662 d study period (6877)

AT Observed (O) Expected (E) O-E (O-E)YE
1 726 749 -23 0.71
2 1641 1726 -85 4.19
3 1173 1224 -51 2.13
4 907 860 47 2.57
5 762 736 26 0.92
6 1668 1582 86 4.67
Total: 6877 6877 15.19

significant chi-square statistic and thus possess dispro-
portionately high or low total mortality. Of the 6 air
mass types, AT6 and AT4 possess disproportionately
high total mortality (observed > expected) while AT2
and AT3 have lower than expected total mortality
(observed < expected) (Table 6). This is an important
finding given the contention that high mortality rates
may result from contrasting weather situations as, in
meteorological terms, AT4 and AT6 are markedly dif-
ferent to AT2 and AT3. These findings aid with an
understanding of the contradictory regression analysis
findings presented in Section 4.1. The relationship of
ZW and S with mortality (Table 2) is attributable to the
association between AT4 (intense Atlantic cyclonic
storms) and high mortality rates. In contrast the ap-
pearance of Tal5 in the regression analysis results
relates to the association of high mortality rates with
AT6 conditions (cold easterly continental anticyclonic
flows). Assuming that such independent effects are at
play it might be expected that weather-mortality rela-
tionships vary according to the air mass type or
weather situation. This contention is addressed in the
following section.

4.3. Weather-mortality relationships for individual
air mass types

Relationships between weather and mortality for
the individual air mass types were investigated using
stepwise multiple linear regression analysis as in
Section 4.1. Although this method is the same as used
in conventional epidemiological studies the approach
taken here is different as the IHD and meteorological
data are stratified according to air mass type or
weather situation. In this section weather-mortality
relationships are explored at 2 levels. Firstly, associa-
tions between weather and mortality are assessed for
all days belonging to each of the 6 air mass types. Sec-
ondly, the same sort of analyses are conducted for days

falling within the upper quartile for mortality. The

intent of this section is to show how IHD mortality

varies within each of the air mass types.

Results of the analyses of weather mortality relation-
ships for all days by air mass type are shown in Table 7.
The main results can be summarised as follows:

e The relationships between weather and mortality
are stronger for 5 of the 6 air masses (Table 7) com-
pared to that revealed in the analysis for all days
regardless of weather situation (Table 2).

e The degree of dependency of mortality on weather
as described by r? varies among the air masses; the
weather sensitivity of mortality is greatest for AT1
and AT4 and least for AT2 and AT3.

< As for the overall regression analysis (Table 2) both
lagged (T-1) and concurrent (T) meteorological vari-
ables are associated with mortality for some air mass
types.

< Large-scale atmospheric circulation variables, namely
southerly and westerly shear vorticity, appear impor-
tant for explaining variations in mortality for 3 of the
air mass types; the stronger the shear vorticity
(northerly AT1 and AT3; westerly AT4) the greater
the mortality.

« High wind speeds in association with low tempera-
tures are important for increased mortality during
AT1 and AT6 weather situations but these weather
situations are a product of quite different synoptic-
scale meteorological configurations.

e For AT4 and AT6, which have higher than expected
mortality rates (Table 6), the weather sensitivity of
mortality is different, lending credence to the notion
that weather mortality relationships vary with air
mass type or weather situation.

e Two of the 3 variables (ZW and S) that appear in the
overall regression analysis for all days (Table 2) are

Table 7. Multiple stepwise linear regression results for all

days by air mass type. Dependent variable: IHD mortality;

independent variables: see Table 1. +/- indicates sign of
regression coefficient. n is number of days

AT n Variables r p
1 72 -ZS, 0.11 0.013
+Tals,
+W515(T—l)
2 166 +Tal5 0.02 0.05
3 118 -ZS 0.02 0.08
4 83 +S, 0.12 0.003
5 71 No significant
variables
6 152 +wsl5, 0.04 0.02
—Tal5(-|—_1)




26 Clim Res 13: 17-31, 1999

important for explaining mortality for only 1 of the air

mass types, namely AT4, while the remaining variable

(Tal5(t_y)) appears as important for AT6 only (Table 7).

This fact lends support to the idea that the overall

regression results (Section 4.1) represent competing

meteorological effects on mortality.

As the relationship between mortality and weather
for the individual air mass types is generally weak and
most likely a product of large intra-air mass variability
in mortality, weather-mortality relationships for each
air mass type were evaluated for those days falling
within the upper quartile for mortality. The underlying
rationale for this analysis is that the general weather-
mortality relationships found for all air mass days
should not only be replicated in general terms for the
upper quartile days but that the relationships will be
stronger.

Results of the regression analyses for all days falling
within the upper quartile by air mass type are shown in
Table 8. Results can be summarised as follows:

* The association between weather and mortality for
all upper quartile mortality days is stronger than that
for all days, suggesting that elevated mortality pos-
sesses a clear meteorological signature. This is espe-
cially true for AT5 as no significant weather-mortal-
ity relationships were found in the analysis of all AT5
days.

« For all upper quartile days the variation in mortality
is sensitive to rate of change variables (falling dew
point temperatures, a strengthening westerly wind
component and increasing wind speeds) (Table 8).

Table 8. Multiple stepwise linear regression results for upper

quartile mortality days by air mass type. Dependent variable:

IHD mortality; independent variables: see Table 1. n is num-
ber of days

AT n Variables r? p

-Tdew9 0.45 0.004
=S(r-y

—dws/dt 0.11 0.03
—-dTdewl15/dt

3 30 -Wey 0.08 0.05
4 21 +ZW 0.15 0.05

5 18 +du/dt 0.64 0.001
+dws/dt

+dTal5/dt

—SLP15(1_y

+wsl15 0.55 0.001
-ZW

-Tdew15

-W

—dTdew9/dt 0.08 0.001
+dwW/dt

+dws/dt

Overall: 165

Although this contrasts with the situation for all win-
ter days (only concurrent variables are important)
(Table 2) the weather-mortality relationships are
similar and relate to cool or cooling conditions and
strong flows from the west. However, as for the
analysis of all the winter days (Table 2) strong flows
from the west are not generally associated with
falling temperatures.

e The individual air mass type weather-mortality rela-
tionships for upper quartile days are stronger than
for the all upper quartile days regardless of air mass
type. However, there is considerable inter-air mass
variation in the strength of weather-mortality rela-
tionships. This suggests that for some weather situa-
tions, the associations between high mortality and
weather may be stronger than other situations, for
example, AT1, AT5 and AT6 compared to AT2, AT3
and ATA4.

e In most cases the variables that feature in the
weather-mortality relationships for the individual air
mass types (Table 7) resemble those found for all
upper quartile days (Table 8). For example, the west-
erly wind component variable, in either its concur-
rent, lagged or rate of change forms, appears in the
weather-mortality relationships for 4 of the 6 air
mass types (Table 8).

e Clear contrasts in the relationships of weather and
mortality exist between AT4/ATS5 and AT6. In the
case of AT4 and AT5 mortality is sensitive to increas-
ing westerly shear vorticity (AT4) and or westerly
wind component (AT5), whereas for AT6 an increas-
ing easterly (decreasing westerly) shear vorticity in
association with a strong easterly wind component
are significant. In the case of AT4 and AT6 these con-
trasts are consistent with those found in the analysis
of all days by air mass type (Table 7).

5. AIR MASS TYPE SEQUENCES AND IHD
MORTALITY

The above analyses have revealed the importance
in some cases of the role of lagged and rate of change
variables in explaining IHD mortality rates. There-
fore, certain air mass sequences or an evolving large-
scale meteorological situation, as opposed to concur-
rent meteorological conditions alone, may accompany
high mortality rates. To test this idea all possible 3 d
air mass type sequences were identified and the
IHDINDEX on the last-day of that sequence calcu-
lated in order to identify which of the air mass
sequences were associated with high last day IHDIN-
DEX values. A limit of 3 d was chosen because of
computational restrictions. This analysis is presented
in Fig. 3, where only those sequences generating a
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last day IHDINDEX > 100 and having a frequency of
greater than 10 are shown.

Immediately apparent are the high last-day IHDIN-
DEX values for sequences 226 (124) and 444 (129).
Noteworthy is the fact that AT4 and AT5 do not occur
in combination with any of the other air mass types,
unlike AT2 and AT6, which occur in at least 2 other
sequences (Fig. 3). The occurrence of 3 sequences with
only 1 air mass type indicates that persistence is a def-
inite characteristic of the winter climatology of the
study area. Climatologically, and in health terms,
sequence 666 is the most important as its cumulative
death toll far outweighs that of any of the other
sequences; 666 occurs up to 10 times more frequently
than 444, for example. Despite this, the high IHDIN-
DEX values generated by 444 cannot be ignored. They
firmly indicate that persistent AT4 conditions, charac-
terised by blustery relatively warm moist south-south-
westerly to southerly flows, a backing wind and falling
pressure, as an Atlantic storm system approaches the
study area, are associated with elevated IHD mortality.
This corroborates the results from the overall and
upper quartile AT4 regression models (Tables 7 & 8).

Sequences 226 and 622 are of interest as they repre-
sent the transition between 2 distinct anticyclonic air
mass types that are distinguishable mainly on the
grounds of moisture contrasts (Fig. 1b). In the former
case the transition is from a situation characterised by
generally cold but very humid heavily overcast
weather (AT2) to below-freezing conditions occasionally
associated with blustery snow showers from the east

Table 9. Air mass type sequences with a frequency of occur-
rence greater than 5 and a IHDINDEX > 100

Sequence Frequency Mean last-day IHDINDEX
116 5 113
144 5 113
166 8 108
223 8 102
226 14 123
233 7 115
323 5 119
332 11 107
411 5 107
414 5 100
444 12 129
445 7 112
451 7 116
516 5 107
555 13 113
566 6 101
622 11 105
632 5 101
645 6 117
666 51 109

60
666
50 "
3 40
C
[0}
=}
o
o
L 30
20
226
555 2 444
6224502 " .
10 = T T T
100 110 120 130 140

Mean IHD-Index on last day of sequence

Fig. 3. Air mass type sequences and last day IHDINDEX val-

ues. All possible 3 d air mass type sequences were tested for

high IHDINDEX values on the third day. Only INDINDEX

vales >100 and having a frequency >10 are shown. Air mass
type sequences are given

(AT6). In the case of 622 the opposite is true. The asso-
ciation of sequence 666 with high mortality confirms the
regression results for the overall and upper quartile mod-
els, such that persistent cold blustery conditions from
the east appear to be associated with high mortality.

Sequence 555 is the third most frequent sequence
with a last-day IHDINDEX greater than 100. The AT5
upper quartile regression model indicates that weather
changes associated with this sequence, especially
rapidly changing wind speeds and temperatures and
low atmospheric pressure as an intense sub-polar
cyclonic system passes to the northeast of the UK,
accompany high mortality.

The appearance of sequence 332 in Fig. 3 is also
indicative of the role of weather change as, in this case,
warm moderately dry southerly air with a mixed tropi-
cal maritime-continental origin (AT3) is replaced by
cool moist and very stable maritime air typical of AT2
anticyclonic gloom conditions. Elevated mortality in
this case may be due to falling temperatures associated
with the transition from AT3 to AT2 conditions.

Although not shown in Fig. 3 a number of other
sequences with frequencies equal to or greater than
5 also produced last-day IHDINDEX values > 100
(Table 9). Notably, the majority of these are charac-
terised by the juxtaposition of air mass type days of
quite different thermodynamic attributes, highlighting
the possible role of air mass change in contributing to
elevated mortality levels, for example, 323, 451 and
645, all of which produce last-day IHDINDEX values
> 115. Notably absent are persistent sequences of AT1,
AT2 and AT3 as these are all associated with last-day
mortality rates below the winter average.
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6. DISCUSSION

Based on the results from a typical linear regression
based epidemiological analysis of the relationship
between IHD mortality and weather, it appears that
cold temperatures in conjunction with a strong
southerly wind component and westerly shear vorticity
are allied with mortality increases. However, for the
study area, low temperatures are related to northerly
or easterly flows, not southerly flows or weather sys-
tems from the west with a strong cyclonic component.
Given this fact, 2 competing weather mortality effects
seem to be at play, such that mortality increases are
related to 2 distinct weather situations. In simple terms
these can be described as cold and stormy, respec-
tively. In order to test this supposition the relationship
between mortality and weather situations was
analysed. Analyses revealed contrasts amongst the air
mass types in the weather sensitivity of mortality.
Especially notable are the weather mortality contrasts
that exist for AT4 and AT6 conditions and the sensitiv-
ity of high mortality to meteorological conditions asso-
ciated with AT1 and AT5.

In the case of AT4, mortality on both all and upper
quartile mortality days appears to be associated with
strong southwesterly flows off the Atlantic. These con-
ditions are related with well-developed and deepening
(increasing vorticity) North Atlantic storm systems
moving towards or over the UK. Imbedded in the
strong moderately warm southwesterly flows are
rapidly moving fronts. Over the study area falling pres-
sures and rising temperatures are the main meteoro-
logical characteristics. Similar conditions have been
found to be associated with mortality increases in
Barcelona, Spain (Saez et al. 1995), and Birmingham,
Alabama, USA (Kalkstein & Davis 1989). The medical
reasons for such a maritime stormy winter weather-
mortality relationship are not clear but may relate to
the initiation of anomalous physiological and biochem-
ical processes that occur in response to the passage of
fronts and the attendant rapid meteorological changes
(Curson 1996). For example, changes in blood viscosity
and clotting time and the toxicity of some drugs occur
with the passage of major fronts. Such biochemical and
physiological responses have been linked to a higher
frequency of stroke and cardiac accidents (Curson
1996). Driscoll (1971) has also noted the association of
frontal passage with increased mortality.

In contrast to AT4, mortality on AT6 days is allied to
strong cold winds. The strength of this relationship, as
measured by the correlation coefficient, appears to be
clearer for upper quartile mortality days on which
strong easterly winds with low dew point temperatures
explain 55% of the variation in mortality. These condi-
tions are associated with a synoptic-scale meteorologi-

cal setting quite different to that of AT4, namely a well-
developed anticyclonic system lying to the east of the
UK over Europe. This system advects cold continental
polar air from the east over the UK. Such easterly flows
often bring with them snow showers. In the United
States similar weather situations characterised by
overcast damp and snowy days and strong cold north-
east flows off the Atlantic have been found to be asso-
ciated with increased heart disease related mortality
(Kalkstein & Davis 1989). Certainly these conditions
resemble those of AT6, especially when the trajectory
of the cold polar continental air associated with AT6 is
over the North Sea to the east of the study area.

The health effects of such cold weather, as found for
AT6 conditions, are increases in systolic blood pres-
sure, central blood volume and haemo-concentration
(Eurowinter Group 1997) as well as a reduction in the
body’s thermo-regulatory efficiency (Curson 1996).
These changes are of critical importance for individu-
als whose circulatory system is already under stress as
the result of circulatory disease. Consequently the risk
of stroke or heart attack is increased (Curson 1996)
under such cold conditions. Although the importance
of cold weather for determining the temporal variabil-
ity of winter IHD mortality for the UK has been known
for some time (Rose 1966, Bull & Morton 1975,
Keatinge et al. 1989, Langford & Bentham 1995), the
results from this analysis allow the findings from ear-
lier UK weather-health studies to be placed in a synop-
tic climatological context. This is because the atmos-
pheric setting associated with mortality-sensitive cold
weather has been identified. Such information may aid
in the understanding of both the inter-annual and spa-
tial variability of cold weather related mortality. For
example, it may be expected that winters with a
greater occurrence of AT6 will have a higher total IHD
mortality than low frequency AT6 winters. Unfortu-
nately this hypothesis cannot be tested here because of
sample size considerations. In terms of the spatial vari-
ability of weather-health relations, an air mass based
analysis of other major UK and European cities may
aid in the interpretation of the results from the Euro-
winter Group’s Pan European assessment of the rela-
tionship between cold weather and IHD mortality
(Eurowinter Group 1997). In short, the Eurowinter
study has shown that cold weather related IHD mortal-
ity is more acute in warmer than colder climates. This
result is undoubtedly a reflection of the contrasting
synoptic climatological settings of the locations consid-
ered, such that warm locations infrequently come
under the influence of air masses that bring cold
weather. Therefore, an understanding of the geo-
graphical distribution of the frequency of cold weather
air mass types may well aid in the interpretation of the
emerging pattern of contrasting weather-health rela-
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tionships found across Europe. A spatial synoptic index
(Kalkstein & Greene 1997), in contrast to the single
location index used in this study, could be applied to
the analysis of this climate and health issue.

As well as the direct temperature/body cooling
effects on mortality associated with the occurrence of
ATB6, indirect effects may also be responsible for some
AT6 related deaths. This is because some AT6 days are
associated with snow. Deaths on such days may there-
fore be related to individuals over-exerting themselves
while undertaking clean-up activities after snowfall.
For example on the eastern seaboard of the United
States mortality increases have been found following
major snow blizzards (Faich & Rose 1979, Glass & Zack
1979).

Although AT1 and AT5 do not display markedly
higher than expected daily mortality (Table 6) the
associations between mortality and weather for these
air mass types is of interest. This is because in the case
of AT1 the basic weather-mortality relationships
revealed for all days are preserved for the extreme
mortality days, those with old northerly winds. In the
case of AT5 days, mortality appears to be associated
with rapid changes of the meteorological conditions
that typify this air mass type, especially wind speed
and temperature. These changes are allied to the rapid
eastward movement, north of the UK, of a well-devel-
oped sub-polar low pressure system.

The analysis of air mass sequences has revealed the
importance of weather situation persistence (555, 444
and 666) as well as change (226 and 622) for high last-
day mortality. Of interest is the fact that, although AT6
is associated with higher than expected mortality on a
daily basis, it records a mean last-day-of-sequence
mortality rate less than sequences 444 and 555. This
may be explained with reference to the concept of
mortality displacement, such that weak individuals
who may have died later are removed from the popu-
lation early on in an adverse weather sequence. The
persistence of severe weather therefore results in the
reduction of the pool of susceptible individuals. That
this is a distinct possibility is supported by evidence of
below average mortality rates following a particularly
severe sequence of weather associated with AT6
between February 5 and 9, 1991 (Fig. 4). During this
period a 2 d cold wave related mortality peak was fol-
lowed by 2 d of below average mortality. The mortality
displacement or the percentage of total extra deaths
associated with the cold wave (calculated as the sum of
mortality after the cold wave divided by the sum of
mortality during the cold wave expressed as a percent-
age; McMichael et al. 1996) was 51% (18/35). This is
comparable to the scale of mortality displacement
reported for a number of prolonged US heat waves
(Kalkstein 1993). Inspection of the time series plot of
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Fig. 4. Time series plot of daily IHD mortality in February
1991. Shaded areas represent days with mortality below the
winter average of 10.4 deaths d*

mortality for February 1991 also reveals a number of
other short periods when mortality displacement
occurred (Fig. 4).

7. CONCLUSION

Study results have revealed significant statistical
relationships between winter air mass types or weather
situations and mortality for the study area. Some air
mass types favour higher than expected mortality
rates. Furthermore, there is statistical evidence for
weather related mortality increases in some of the air
mass types. This may suggest that there may be
threshold meteorological values beyond which mortal-
ity increases for certain weather situations. This re-
quires further investigation. It also appears that
increases in IHD mortality are not only associated with
concurrent meteorological conditions but are related to
antecedent and rapidly changing meteorological con-
ditions at both local and large scales.

Of particular note is the fact that the 2 weather situ-
ations that are associated with a greater than expected
mortality occurrence (AT4 and AT6) are starkly differ-
ent in terms of their meteorological characteristics.
This points to the possible existence of a degree of
equifinality in weather-IHD mortality relationships, in
that contrasting weather situations within a single sea-
son may produce equally high mortality rates. If so, for
climatic settings characterised by changeable weather
situations such as the UK, the association between
weather and mortality is likely to be complex. For this
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reason a traditional epidemiological approach to the
analysis of weather-mortality relationships may reveal
little about the relationship between weather and mor-
tality. This is because mortality may be sensitive to
a variety of contrasting weather situations with
markedly different meteorological characteristics.

An important outcome of this study relates to
methodology in climate-mortality studies for middle to
high latitude locations that experience a range of
meteorological conditions. If all season only relation-
ships are considered, weather-mortality relationships
may be obscured. This is because high intra-seasonal
mortality rates are produced by quite different
weather situations. Therefore, in a conventional re-
gression analysis, which does not partition the meteo-
rological or health data in accordance with the major
weather situations, weather-mortality signals will be
masked because of competing meteorological effects.
Furthermore, if the mortality data is stratified accord-
ing to mortality rate level, clearer weather-mortality
relationships emerge compared to an unstratified
analysis.

This study has necessarily been exploratory in na-
ture because it is based on 6 winters and 1 health out-
come only. Furthermore, IHD mortality has not been
stratified according to age or socio-economic class. An-
other limitation is that the study is limited to 1 geo-
graphical area and therefore the results may not be
applicable at a larger geographical scale. These limita-
tions form the basis for a possible future research
agenda. The repetition of the study with a longer pe-
riod data set would allow this study’s results to be cor-
roborated or refuted. Furthermore, the inter-annual
variability of mortality rates for a range of health out-
comes, among different age and socio-economic
groups, could be analysed in terms of yearly air mass
frequency variations. The study also needs to be ex-
tended to other geographical areas in order to estab-
lish whether the relationships found in this study also
apply to the rest of the United Kingdom or indeed Eu-
rope. Finally, as IHD mortality appears to be associated
with air mass characteristics and air mass sequences,
then climatologists and epidemiologists should con-
sider adopting a synoptic climatological approach to
the assessment of the impact of climate change on IHD
mortality and possibly other health outcomes.
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