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• Medical emergencies peak in Oktoberfest
and New Year's Day in the Greater
Munich Area.

• Daily ED numbers aremodelled by calen-
dar, environmental, and weather warn-
ing variables.

• The influence of weather and air pollu-
tion differs by season, patients' sex
and age.

• Timely allocation of healthcare resources
should consider calendar dates, weather
and air quality.
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Background: Climate change and increasing risks of extreme weather events affect human health and lead to
changes in the emergency department (ED) admissions and the emergency medical services (EMS) operations.
For a better allocation of resources in the healthcare system, it is essential to predict ED numbers based on envi-
ronmental variables. This publication aims to quantifyweather, air pollution and calendar-related effects on daily
ED admissions.
Methods:Analyseswere based on 575,725 admissions from theweb-based IVENA system recording all patients in
the greater Munich area with pre-hospital emergency care in ambulance operations during 2014–2018. Linear
modelswere used to identify statistically significant associations between daily ED admissions and calendar, me-
teorological and pollution factors, allowing for lag effects of one to three days. Separate analyses were performed
for seasons, with additional subset analyses by sex, age and surgical versus internal department.
Results: ED admissions were exceptionally high during the three-week Oktoberfest, particularly for males and on
the weekends, as well as during the New Year holiday. Admissions significantly increased during the years of
study, decreased in spring and summer holidays, and were lower on Sundays while higher on Mondays. In the
warmer seasons, admissions were significantly associated with higher temperature, adjusting for the effects of
sunshine and humidity in all age groups except for the elderly. Adverse weather conditions in non-summer sea-
sons were either linked to increasing ED admissions (from storms, gust) or decreasing them from rain. Mostly,
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but not exclusively, in winter, increasing ED admissions were associated with colder minimum temperatures as
well as with higher NO and PM10 concentrations.
Conclusions: In addition to standard calendar-related factors, incorporating seasonal weather, air pollutant and
interactions with patient demographics into resource planning models can improve the daily allocation of re-
sources and staff of EMS operations at hospital and city levels.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

Overcrowding at hospital emergency departments (ED) delays care
times, worsens patient conditions, and consequently leads to higher
mortality rates (Salway et al., 2017). Therefore, hospital managers and
emergency medical service (EMS) associations aim to reduce related
risks due to overcrowding through improved allocation of resources
and staff. This requires improved ED visit prediction and understanding
of reasons behind visit fluctuation (Marcilio et al., 2013), such as by con-
sideration of subgroups of patients (Pförringer et al., 2018).

ED visits are commonly predicted by a combination of factors re-
lated to calendar, weather, and air pollution. Most models of ED visits
account for calendar-related variables, such as day of week, month,
year, and holiday (Wargon et al., 2010; Boyle et al., 2012; Bolt and
Sparks, 2013; Marcilio et al., 2013; Jilani et al., 2019; McAllan et al.,
2019; Duwalage et al., 2020). Special holidays, such as New Year's
Eve, Christmas and Boxing Day, have been shown to be associated
with a higher number of ED visits (Duwalage et al., 2020). Although
the role of seasons is not clear, for example see (Marcilio et al., 2013;
Castner et al., 2016) versus (McAllan et al., 2019), accounting for
long term and seasonal patterns facilitates the detection of short
term associations between the ED visits and other environmental
conditions of interest (Bhaskaran et al., 2013). However, the effect
of calendar variables can be inhomogeneous even within the same
city (Wargon et al., 2010). Special attention should be paid to epi-
demic periods (Wargon et al., 2018), and allergy seasons (Erbas
et al., 2012) which may overrule seasonal patterns.

A multitude of weather-related variables has been tested for their
influence on ED visits with temperature as themost common. Higher
maximum temperatures and heat waves lead to more ED visits
(Duwalage et al., 2020) and increase mortality rates, especially
among the elderly (Schaffer et al., 2012). The effect of heat appears
to be spatially variable within the same city (Hondula and Barnett,
2014). It also varies with the targeted patient group (Vaneckova
and Bambrick, 2013). Nonetheless, temperature and other meteoro-
logical variables, such as precipitation, wind, humidity and insola-
tion, may fail to improve ED visit prediction despite having a
significant influence (Calegari et al., 2016), especially for long-term
forecasts (Wargon et al., 2009).

High concentrations of ambient air pollutants, such as PM2.5, PM10,
NO2, SO2 and O3, increase asthma ED visits globally (Anenberg et al.,
2018), especially in urban areas where air pollution sources are abun-
dant (Achakulwisut et al., 2019). The pollution effect on ED visits is
higher for children (Ostro et al., 2009) and women (Luginaah et al.,
2005). Fine particles have an immediate effect on cardiovascular dis-
eases, and a delayed effect for respiratory diseases (Kim et al., 2012).

The majority of ED visit models proposed in the literature is limited
to calendar-related predictors, most likely to simplify practical imple-
mentation and use at hospitals. Environmental factors are highly corre-
lated and varywith seasons, bringing challenges of high-dimensionality
and multi-collinearity into modeling. However, environmental factors
have statistically significant influences on ED visits which should be in-
corporated rather than disregarded out of inconvenience. Recent cli-
mate change has been reported to exhibit manifold direct and
ecosystem-mediated impacts on human health, and research to quan-
tify its ultimate impact is ongoing (Smith et al., 2014).Whereas mortal-
ity and morbidity related to heat waves and pollutants have been
2

widely studied in Europe (Hertel et al., 2009; Gabriel and Endlicher,
2011; Breitner et al., 2014; Lowe et al., 2015), less information has
been conveyed concerning hospital admissions (Ferrari et al., 2012;
Shiue et al., 2016). Wang and Lin (2014) reported that ED admissions
aremost suitable to analyzeweather effects, and thus in the long run cli-
mate change impacts on specific illnesses and accidents of all kinds.
Therefore, projections of climate change mandate the increased need
for optimized ED management and resource allocation via comprehen-
sive models incorporating weather and pollution-related variables as
drivers (Kingsley et al., 2016).

Towards this end, we collected and analyzed five years of EMS vehi-
cle operations in Munich, Germany to identify the most influential
calendar-related variables, meteorological conditions, weather warn-
ings, as well as ambient air pollutants associated with daily ED admis-
sions. We hypothesized that environmental factors influenced daily
ED admissions independently from seasonal and calendar impacts,
with differences according to age, sex, and ED type.

2. Data and methods

2.1. EMS data

EMS admissions to hospitals in the city and the county district of
Munich were provided by the Munich Emergency Services Authority
for the period 2014 to 2018. Data were collected through the Interdisci-
plinary Medical Care Capacity Management System (‘Interdisziplinärer
Versorgungsnachweis’ IVENA), an online web-based system for hospi-
tals to display their current healthcare capacities to the dispatchers of
the EMS Command Centre (‘Integrierte Leitstelle’ ILS) who assign emer-
gency rescue vehicles (first responders, ambulances and helicopters) to
receptive hospitals. IVENAguides and directs admissions and aims to re-
duce unnecessary journeys. The daily ED admissions in this paper do not
include thewalk in patients. Planned transportations of non-emergency
cases were also excluded.

The 5-year daily data comprised 575,725 entries, including day and
time of the emergency call, age and sex of each patient as well as initial
diagnosis. The list of initial diagnoses and the assigned departments are
provided in the supplementary Table S2. In addition to total daily ED ad-
missions, subgroups related to age, sex and assigned department were
performed; see Table 1. Oneweek in April 2014, which exhibited an un-
realistically small number of patients due to reporting error, was ex-
cluded from the analysis (see Fig. 1).

As explanatory calendar variables, we used year, day of the week,
public and Bavarian school holidays (Bavarian Ministry of education,
2020) as well as the days of Munich Oktoberfest (16 to 18 days from
mid-September till beginning of October). We also considered New
Year's Eve and New Year, and the working days of the week following
the start or the end of the daylight saving time.

2.2. Environmental data

We obtained data on ambient air pollution as hourly concentra-
tions (μg m−3) of particulate matter (PM) with an aerodynamic di-
ameter < 10 μm (PM10), ozone (O3), nitrogen monoxide (NO),and
nitrogen dioxide (NO2) (Bavarian State Office for environment,
2020). We downloaded hourly meteorological data from the Climate
Data Center of the German Meteorological Service (DWD)
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Table 1
Average daily hospital ED admissions through IVENA system (2014–2018) by season as well as by subgroups of patients.

All periods Winter Spring Summer Fall

Average daily number of admissionsa 315.3 313.7 307.8 313.5 326.2
By age Elderly >70 127.6 134.9 125.6 122.3 127.8

Adults 18–70 157.7 149.4 152.1 161.3 167.8
Children <18 26.4 25.6 26.7 26.5 26.8

By sex Female 156.5 159.3 153.0 155.2 158.7
Male 156.6 152.1 152.8 156.1 165.2

By assigned departmentb Surgery 127.0 119.4 123.2 131.0 134.6
Internal 178.2 184.4 174.9 172.3 181.4

a The total number of admissions and the percentages within each category are provided in Table S1.
b The numbers of cases within each category are provided in Table S2.
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(Deutscher Wetterdienst, 2020) for the years 2014 to 2018 and the
weather station #3379 in Munich. We calculated the universal ther-
mal climate index (UTCI) based on air temperature, wind speed, rel-
ative air humidity and mean radiant temperature (Bröde et al.,
2012). Since the direct and diffuse radiation were not available, we
Fig. 1. Daily ED admissions through the IVENA sys
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used relative air humidity and the cloud cover to estimate the
mean radiant temperature (Matzarakis et al., 2007; Lindauer et al.,
2017). Missing values in the meteorological data were identified in
less than 4.5% of the period of interest. The missing values were im-
puted using k-nearest neighbor (k = 5).
tem in the Greater Munich Area (2014–2018).



Table 2
Daily mean concentrations of ambient air pollutants and meteorological factors, Munich, Germany (2014–2018).

Total period Winter Spring Summer Fall

Mean SD Mean SD Mean SD Mean SD Mean SD

Temperature (°C) 10.89 7.61 2.55 4.14 10.55 5.25 19.71 3.61 10.60 5.18
UTCI (°C) 12.92 10.09 2.33 6.97 12.66 7.66 23.50 4.15 12.96 7.72
Pressure* (hPa)
* Station height 515 m a.s.l

955.73 7.18 956.02 9.81 953.93 7.20 956.10 3.95 956.90 6.23

Wind (m sec−1) 2.74 1.15 2.93 1.45 2.93 1.07 2.58 0.69 2.51 1.18
Cloud cover (%) 66.86 30.05 76.40 26.44 64.11 30.87 57.36 29.99 69.80 29.42
Absolute humidity (g m−3) 7.47 2.92 4.59 1.10 6.51 1.98 10.88 1.82 7.83 2.18
Precipitation amount (mm) 2.47 5.59 1.83 3.68 2.29 4.87 3.40 7.20 2.36 5.86
Precipitation duration (hours) 2.75 4.36 3.09 4.38 2.77 4.50 2.44 3.78 2.70 4.72
Sunshine duration (hours) 5.10 4.53 2.58 2.99 5.90 4.54 7.88 4.68 3.97 3.79
PM10 (μg m−3) 20.67 15.52 24.10 26.97 21.05 11.04 17.83 6.10 19.75 8.12
O3 (μg m−3) 41.96 22.43 26.68 17.15 52.30 15.59 62.02 15.88 26.39 15.47
NO (μg m−3) 36.66 24.55 49.02 34.18 29.94 14.70 24.37 9.51 43.64 23.59
NO2 (μg m−3) 42.57 12.36 46.54 15.51 42.59 11.99 39.71 9.70 41.49 10.51
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We aggregated all hourly values into daily values using the mean,
minimum, maximum, duration, and summation when appropriate. In
order to study lag effects, we also aggregated these factors for one-,
two-, and three-days. A summary of the meteorological and ambient
pollution data is provided in Table 2. The correlation matrix of the
main environmental variables is provided in Fig. 2, and for each season
in Fig. S4.

DWDprovided hourly weather warnings announced inMunich dur-
ing the same period. The durations of thesewarnings in hourswere con-
sidered as possible explanatory variables; see Table 3.

2.3. Statistical methods

Normal linear models were used to predict daily ED admissions,
with the quantity linearly dependent upon calendar andmeteorological
Fig. 2. Correlations between the m
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variables, pollution concentrations, weather conditions and warnings.
Lag effects of meteorological and pollution variables from one to three
days were all considered as potential predictors in the models. A com-
plete enumeration of the 222 predictor features is provided in Supple-
mentary Table S2. Optimal selection of the final set of predictors to
include in models was performed in two steps. The first step included
minimization of the Bayesian Information Criterion (BIC) for models
fit to data spanning the four meteorological years from January 2014
to November 2017. The second step comprised cross-validation mini-
mizing the Root-Mean-Square-Error (RMSE) from candidate models
constructed from the first step and evaluated on data from themeteoro-
logical year 2018 (December 2017–November 2018) as the test set.

Separate prediction model analyses were performed for the meteo-
rological seasons (DJF winter, MAM spring, JJA summer, SON fall),
with additional subset analyses for the elderly (70 year +), adults
ain environmental variables.



Table 3
Number of daysa with special weather conditions and warnings, Munich, Germany
(2014–2018).

Total period Winter Spring Summer Fall

Conditions Snow 99 63 15 9 12
Fog 414 128 48 41 197
Thunderstorm 156 5 41 98 12
Storm Beaufort ≥ 6 196 79 47 33 37
Storm Beaufort ≥ 8 10 5 2 0 3
Glaze/clear ice 10 9 0 0 1
Rime 112 56 47 0 9
Hail 8 0 2 6 0
Rain 859 220 213 229 197

Warnings Frost 565 363 128 0 74
Thunderstorm 328 12 84 198 34
Slipperiness 336 246 53 0 37
Snow 164 112 33 0 19
Fog 171 68 8 2 93
Gusts 282 110 58 51 63
Heavy rain 60 0 6 42 12
Long lasting rain 62 2 15 21 24
Hail 23 0 2 18 3

a These include any day when the condition/warning was observed/issued for at least
1 h.
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(18–70 year), children, females, males, surgical and internal cases. This
comprises a total of 32 models which are presented in terms of the
change in total daily ED admissions associated with a unit increase in
each of the associated factors. For example, an increase in the mean
temperature by 1 °C causes an increase of the total daily ED admissions
in summer by 4.37 (see Fig. 3).

Model diagnostics revealed no autocorrelation in the residuals so
that independent normal errors could be assumed. Similar checks re-
vealed that the Poisson distribution as regularly used for counts did
not improve the goodness-of-fit, ostensibly due to large sample sizes
fulfilling the Normal distribution approximation. The variance inflation
factor values were mostly below 2 indicating low multicollinearity in
the final models.

All computations were performed in the R statistical software pack-
age (version 3.5.1) and all comparisons were made at the two-sided
0.05 level of significance.

3. Results

3.1. Daily total ED admissions

Daily numbers of ED admissions increased linearly over the time pe-
riod of the study, 2014–2018, on average by 5.5, 6.4, 11.9 and 11.87 per
year for summer, fall, winter and spring, respectively (Fig. 3). They de-
clined on Sundays in winter, spring and summer (−11.2, −12.5 and
−16.9, respectively), on Wednesdays in winter (−14.2), and increased
onMondays (+12.7) inwinter as well as on Saturdays (+15.9) and Fri-
days (+10) in fall. The Oktoberfestwas associatedwith a sharp increase
of 77.9 more patients per day in the fall, while the time changes in the
fall and spring did not result in statistically significant changes in visits
after adjustment for other factors. On the other hand, public holidays
and school vacations in all seasonswere associatedwith smaller patient
numbers (spring−28.4, summer−30.2, fall−12.3 and winter−11.7).

Higher levels of select single air pollutants increased ED daily admis-
sions in winter, fall and summer, but not in the spring. Specifically, in
winter a unit-increase in the current day maximum PM10 was associ-
ated with 0.2 more daily visits, in fall a unit-increase in the current
day minimum O3 concentration was associated with a 0.5 increase in
ED admissions, and in summer a unit-increase in mean NO concentra-
tion over the last three days was associated with 0.3 more daily visits.

Multiple weather features impacted daily ED admissions for all sea-
sons, except winter. In summer, ED daily admissions increased signifi-
cantly with mean temperature (+4.4), minimum UTCI of the previous
5

three days (+1.2) and current day hours of sunshine (+1), but de-
creased (−1.1)withmore sunshine at a lag of two days prior to the cur-
rent day. Maximum current day temperature increased ED admissions
in both spring (+2.8) and fall (+1.2), while minimum temperature
three days prior decreased ED admissions in those two seasons by
−2.1 and−1.6, respectively. Apart from a small and marginally signifi-
cant negative effect of three-day lagged minimum pressure in spring
(−0.7), no other weather factor was chosen by the feature selection
process for association to daily ED admissions. However, warning
hours for long rainfall on the current day(−1.3) as well as three days
prior (−0.7) reduced ED admissions in fall, and duration of wind gust
warnings one day prior increased daily ED admissions by 1 visit.

3.2. Number of ED admissions by sex

Oktoberfest resulted in an average three-fold increase in ED admis-
sions for males compared to females (+60 vs +18.3, respectively,
Fig. 3). The influence of weekday on the number of male patients was
limited to summer Sundays (−9.2) and fall Saturdays (+11.7), perhaps
linked to Oktoberfest activities. For females, a weekday effect occurred
only on Mondays during winter (+10.2) and summer (+6.4). The
trend with year was similar for males and females in all seasons except
for summer,where a positive effectwas shown formales (+2.8) but not
for females. In spring, summer and fall, the effect of holidays on ED ad-
missions was slightly higher for males compared to females, but no in-
fluence on both was detected in winter.

Only a few weather conditions influenced the number of male pa-
tients delivered to the ED, with none in winter, and only duration of
rain in fall. In summer, the number of male daily ED admissions in-
creased with mean temperature (+2.85) and was slightly affected by
duration of sunshine two days prior. Similarly, higher maximum tem-
peratures in spring increased the number of male ED admissions
(+1.3), as did hours of sunshine, while the three-day lagged tempera-
ture mean and maximum pressure had negative effects. More weather
variables affected the number of female patients, and these covered all
seasons. In summer, female ED admissions were associated with mean
temperature (+2.0) and absolute humidity (+2.0), in springwith dura-
tion of strong storms (+1.7), maximum temperature and frost warning
duration, inwinterwith two days laggedwind gustwarnings, and in fall
with minimum temperature. Fewer female patients were delivered to
EDs with hail warning duration on the previous day (−3.1) in summer,
with three-day lag of maximum precipitation intensity (−3.4) and
three-day lag minimum temperature during winter, and with one-day
lag maximum precipitation intensity (−1.2) and three-day lag mini-
mum temperature and in fall.

The influence of pollutants on ED numbers of males was limited to
PM10 in winter. In females, significant influences were detected for
mean PM10 and maximum O3 in spring, minimum O3 in fall, and maxi-
mum PM10 and maximum NO in winter. However, the respective esti-
mated influences were small.

3.3. Number of ED admissions by age

The number of ED admissions of older patients increased by 5–8 per
year depending on the season, except for spring (+0.5) (Fig. 4). For
adults such a trendwas observed only inwinter (+4.4), but not for chil-
dren. The Oktoberfest had a large influence on the number of adult pa-
tients (+70.8), a small influence on older people (+6.4), and no
influence on children (see also Figs. S1, S2). New Year's Day was associ-
ated with an enormous increase in the number of adult patients
(+129.1), but had no effect on children and elderly people (see also
Fig. S3). Other holidays similarly had no effect on the number of elderly
patients, butwere linked to fewer child patients in all seasons and fewer
adult patients in all seasons except for fall. On Sundays in the ED, there
were fewer elderly patients in summer and fall, fewer children patients
in spring, summer andwinter, and fewer adults in summer. There were



Fig. 3. Change in the number of daily ED admissions (Total, Female, and Male) associated with a unit increase in the respective factor in Munich (2014–2018) by season. Dots and bar
lengths indicate estimates and confidence intervals. Star numbers indicate significance levels *: P < .05, **: P < .01, ***: P < .001. The associated R-squared value for each season is
presented above the panel. For exact definitions of the predictor variables see Supplementary Table 3.
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more adult patients only on Saturdays in fall and fewer patients on Fri-
days in summer.

The number of ED patients in fall decreased with one-day lag maxi-
mum precipitation, two-day lag cloud cover, and warnings of long rain
for adult patients, two-day lag duration of long rain warnings for child
patients, and three-day lag mean temperature for elderly people.
Weather influence was not shown for adult and children ED numbers
in winter. However, fewer elderly patients were delivered to EDs with
higher three-day lag minimum temperature in winter.
6

For spring, only the current day maximum temperature had a posi-
tive influence on the number of adult (+1.3) and child patients
(+0.3), whereas no climatic effect was observed for elderly in this sea-
son. During summer, the only weather factor that affected the number
of elderly patients was hours of sunshine duration, with a marginal in-
crease of one elderly ED delivery per 1 h increase in sunshine duration.
For adults, current day temperature mean was the most influential fac-
tor (+3.0), followed by the three-day lag absolute humidity (1.6). For
children, a positive effect of mean temperature (+1.1) and a negative



Fig. 4. Change in the number of daily ED admissions (Adults, Elderly, and Children) associatedwith a unit increase in the respective factor inMunich (2014–2018) by season. Dots and bar
lengths indicate estimates and confidence intervals. Star numbers indicate significance levels *: P< .05, **: P< .01, ***: P< .001. The associated R-squared value for each season is presented
above the panel. For exact definitions of the predictor variables see Supplementary Table 3.
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effect of mean absolute humidity were detected (−1.0). To a lesser ex-
tent, summer ED admissions of children were affected by the lag values
of maximum absolute humidity, maximum pressure, and duration of
hailstorms.

The influence of pollutants on the number of patients was small
when each age group was considered individually. Minimum O3 con-
centrations had a negative effect on the elderly patients' numbers in
fall, higher maximum NO concentrations in winter were linked to
more adult patients. As for child patients, adult ED numbers increased
7

with higher maximum concentrations of PM10 in winter, and with
higher three-day lag mean NO concentrations in summer.

3.4. Number of ED admissions by department

Oktoberfest had a larger influence on ED admissions for surgical
(+49.4) than internal cases (+30.5) (Fig. 5). Holidays presented
fewer surgical cases in all seasons, but fewer internal cases only in
spring and summer. Surgical case numbers were higher on Fridays



Fig. 5. Change in the number of daily ED admissions (Internal and Surgical) associatedwith a unit increase in the respective factor inMunich (2014–2018) by season. Dots and bar lengths
indicate estimates and confidence intervals. Star numbers indicate significance levels *: P< .05, **: P< .01, ***: P< .001. The associated R-squared value for each season is presented above
the panel. For exact definitions of the predictor variables see Supplementary Table 3.
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and Saturdays, but only in the fall. Internal cases were higher on Mon-
days for all seasons, while lower on Sundays in summer.

No climatic effect on the number of surgical cases was recorded in
winter. However, the number of surgical ED cases in summer increased
with mean temperature. Duration of storms, maximum temperature
and sunshine duration had a positive influence on the number of surgi-
cal cases during spring. In fall, more surgical ED admissions were asso-
ciated with higher maximum temperatures, while precipitation
amount on the previous day had a negative marginal effect.

Similarly, no influence ofweather-related factors on internal cases in
winter was found. More internal cases in summer were associated with
higher mean temperature (+2.7), higher three-day lag maximum hu-
midity (+1), and two-day lag mean cloud cover (+0.1). In spring,
more internal cases were found with higher values of the three-day
lag minimum wind speed (+5.4) and higher mean temperatures
(+1.6), whereas less occurred with the three-day lag minimum tem-
perature (−1.2) and maximum pressure. Internal cases decreased in
fall with the three-day lag minimum temperature (−1.2) and duration
of long rain warnings (−0.1).

The influence of air pollutantswasminimal on both internal and sur-
gical cases. The surgical cases increased with higher concentrations of
NO2 in summer, PM10 in winter, and lagged NO in spring. More internal
cases were associated with lower O3 concentrations in spring and
higher PM10 concentrations in winter.

4. Discussion

Analyses of 5-year ED admissions for the greater Munich area sup-
ported the hypothesis that, in addition to calendar-related variables
that had consistently strong effects, environmental factors also influ-
enced daily ED numbers, although these effects varied with age, sex,
and ED type. A considerable proportion of variance in ED numbers
was explained by the analyses predictors (R2 up to 0.71). One out of
32 subgroup models uniquely relied on calendar-related variables, but
6 additionally relied on air pollutants (mostly in winter), 15 onweather
factors and 10 on both weather and pollutant factors.

4.1. The influence of calendar-related variables

Public holidays and school vacations consistently had a strong nega-
tive effect on ED numbers except among the elderly. Citizens over
70 years of age are generally retired in Germany, and their activities
should therefore be independent of working days, unless they are in-
volved through other working family members. However, the city of
Munich relies heavily on public transportation, cycling and walking,
with shops closed on Sundays, so the elderly are not immune toweather
impacts on working days. Effects of holidays on ED numbers have been
previously reported across various destinations across the globe with
varying directions of impact. ED numbers were lower during holidays
for low income populations in New York (Castner et al., 2016), and for
Sao Paulo (Marcilio et al., 2013), but higher in Australia (McAllan
et al., 2019). It proved to bemore useful to model effects of specific hol-
idays individually (Duwalage et al., 2020). In this study, fewer ED ad-
missions were made on holidays (except New Year's Eve) in all
seasons, but effect sizes were larger in spring and summer compared
to fall and winter. This could be due to departure of families with chil-
dren during the two-week spring and early summer school holidays,
as well as the summer vacation, which typically witnesses a loss of
10% of German urban populations. Results here showed that in spring
and summer, children had approximately 1/6 of the adult patient num-
bers, but nearly 1/2 of the adult ED holiday effect.

The Oktoberfest is an extraordinary event in the city of Munich and
for its healthcare system. In 2019, the official Oktoberfest website esti-
mated the total number of visitors within three weeks at 6.3 million,
most of whom were men (Oktoberfest.de, 2020). 7.3 million l of beer
were consumed in 2019. Data indicated an outstanding additional
9

number of daily patients within this period (+78), especially among
males (+60) and adults (+71). Similarly to the results found in this
study, previous studies indicated that during the Oktoberfest, males in
their twenties had the highest risk of landing in the ED (Binner et al.,
2008). The Oktoberfest effect observed in this study was high for inter-
nal and disproportionately high for surgical cases. It was three times
lower for females, much lower for the elderly, and nonexistent for chil-
dren, an order most likely related to alcohol consumption habits. ED's
throughout Bavaria prepare for the annual anticipated burden during
the Oktoberfest.

On the day after New Year's Eve a high number of emergencies can
be expected, particularly due to alcohol intoxication (Scholliers et al.,
2019), injuries caused by fireworks (Serra López et al., 2020) and the
deterioration of air quality after their use (Greven et al., 2019; Singh
and Srivastava, 2020). In Munich, there was a strong effect on ED num-
bers only for the adult group (+129). However, additional patient num-
bers admitted on January 1st has beendecreasing every year (see Fig. 1).

Year by year, ED admissions in Munich increased on average, espe-
cially in winter and spring. This effect was observed in all seasons in
both the elderly as well as surgical cases, but in patients under
18 years of age, in none of the seasons. We assume that this is related
to the low fertility rate in Germany, which has not exceeded a maxi-
mum of 1.6 in the last two decades (The World Bank Group, 2020),
and the short span of five years of study.

Weekends had fewer ED visits compared to working days, as re-
ported in the literature, especially for Monday (Calegari et al., 2016;
Carvalho-Silva et al., 2018). In Australia, however, both Sundays and
Mondays showed a 10% higher number of ED visits (Duwalage et al.,
2020), which underlines the importance of addressing individualweek-
days separately. Interestingly, there were more female and internal
cases at Munich EDs on Mondays in summer and winter. On the other
hand, there were fewer patients on Sundays, especially in summer
and for internal cases.

Despite the reported increase in traffic accidents and suicide cases in
Germany in the week after the daylight savings time change in spring
(Lindenberger et al., 2019) and the increase in accidents due to insuffi-
cient sleep on the first Monday after the spring time change (Coren,
1996), such an effect was not observed on the number of ED admissions
after adjusting for the meteorological and pollutant effects.

4.2. The influence of environmental variables

Temperature variability within each season is expected to influence
morbidity and mortality rates under climate change scenarios, and this
effect should already manifest in summer with higher mean tempera-
tures (Malig et al., 2019; Klug et al., 2020). In this study of the greater
Munich area, higher mean and maximum temperatures in spring and
summer were associated with more ED admissions in almost all sex,
age, and department subgroups. The effect size varied between ~1 to
~4 additional ED patients per °C, so that withmore pronounced temper-
ature anomalies in these seasons (e.g. +7 °C for the 2015 summer
heatwave at the beginning of July) the effect could easily exceed +25.
Variousmedical reasons are listed in the literature: Older people are ad-
mitted for diabetes and internal reasons, adults for fluid-electrolyte im-
balances, and children for asthma and intestinal infections (Winquist
et al., 2016). It is reported that the effect is higher in men than in fe-
males, and in rural than in urban areas (Lippmann et al., 2013). In the
Netherlands, however, no such sex difference was found (van
Loenhout et al., 2018). Most strikingly, no heat-related effect was
shown for the elderly group in Munich. This could indicate appropriate
heat warning systems in combinationwith a high standard of living. But
in all other subgroups there was a strong effect of heat stress in spring
and summer, which was mainly indicated by pure temperature vari-
ables rather than UTCI. For the city of Frankfurt (Germany), a high ex-
cess morbidity during the summer heat wave of 2015 was noted,
leading to a ~200% increase in EMS operations due to heat-related
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disorders (Steul et al., 2019). If, as in our study a larger subgroup of in-
ternal cases is considered, this relative increase should be lower (~10%).

In addition to temperature, other weather variables that promote
heat stress also had an effect on the number of ED visits in spring, sum-
mer and fall. Longer periods of sunshine and less cloud cover increased
the total number of ED visits predominantly in summer. Sunshine dura-
tionmay cause cardiac arrest, especially in early summer (Onozuka and
Hagihara, 2017). Humidity is an important factor for the apparent tem-
perature (Min et al., 2019), which reflects human discomfort on hot and
humid days. Themain source of body cooling onwarmdays is the evap-
oration of sweat, which is hindered when the air is almost saturated.
The current study identified this effect of humidity in summer to in-
crease ED numbers in females, children, adults and internal cases with
effect sizes between 1 and 2 per g m−3 water vapor.

On the other hand, higher morbidity in winter is associated with
lower minimum temperatures (Klug et al., 2020). In Munich, lower
lagged minimum temperatures were associated with more ED visits
by elderly and females in winter and more internal and total visits in
the transitional seasons (effect sizes of−1 to−2 per °C). This lagged ef-
fect could be explained by colds and influenza, where at-risk patients
were admitted to ED only a few days after recording cold minimum
temperatures. It is known that women (Zhou et al., 2014) and older
people (Baumgartner et al., 2008; Chen et al., 2019) are more suscepti-
ble to coldweather. In fall, a combined effectwas observed here, as both
lagged minimum and maximum temperature influenced ED visits.
Higher lagged minimum temperatures decreased the number of ED
visits in elderly people, females and internal cases, and in contrast
higher maximum temperatures increased the total number of ED visits.

The other weather variables were less frequently included in the
models, but still showed a consistent pattern, e.g. to what is perceived
as “bad” rainy weather. Warnings against long rains as well as long
rain duration (also on preceding days) in fall were associated with
lower ED numbers in total cases and all subgroups expect the elderly.
In Ohio, USA, ED visits decreased with precipitation (Faryar, 2013). In
South Korea, ED visits decreased on the same day of rainfall and in-
creased on the following days (Lee et al., 2016). The positive lagged ef-
fect was also reported in Wisconsin (Drayna et al., 2010). This
discrepancy could be caused by the different geographical location, as
the seasons were treated separately and precipitation was not limited
to rain. Daily sumof rainwas not chosen in the feature selection process,
most likely because it is highly variable in time and space. Rain or the
threat to rain over a long period of time would result in the tendency
to stay at home. A similar explanation might be assumed for the obser-
vation that hail warnings in summerwere associatedwith decreased ED
numbers in females and children.

The second minor, but consistent pattern is related to storm and
other hazards indicated by e.g. storm duration and warning, warning
against gusts, minimum wind speed, low pressure systems as well as
warnings against hail and slipperiness. Several cases in spring, as well
as in other seasons, witnessed increasing numbers of ED visits in total
cases, males and females, as well as internal and surgical cases, under
these circumstances. In the literature, only dust storm events with ex-
tremely high levels of particulatematter were reported to be associated
with large increases in ED visits (Merrifield et al., 2013), and no effect of
strong winds, thunderstorm or tornadoes was reported for a county in
Ohio, US (Faryar, 2013).

Concerning air quality, ambient pollutants consistently posed a sig-
nificant effect on the number of ED visits. The effects sizes as reported
in Figs. 3 to 5 appear small at first glance, butmust be related to the reg-
ularly observed fluctuations, as indicated by their SD in Table 2. Coarse
particulate matter (PM10) in winter was associated with increased ED
visits in most subgroups with effect sizes up to 0.22 per μg m−3 (total
cases, see Fig. 3). Assuming twice the PM10 SD in winter, this would
translate into ~12 additional daily cases. Additionally, emergency cases
in some subgroups were positively associated with NO concentrations
in winter and (with a lagged effect) in summer. Again, based on SD
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and effect size, this could result in up to ~6 additional ED cases. The
World Health Organization et al. (2003) concluded that cardiovascular
deaths and morbidity indicators are related to ambient PM. High con-
centrations of fine particles are known to increase ED visits due to hy-
pertension (Szyszkowicz et al., 2012) and cardiopulmonary diseases
(Feng et al., 2019). Winter inversions also increase the rates of ED visits
due to asthma (Beard et al., 2012),which could be linked to the trapping
of pollutants in the cold layer near the surface intensifying their
concentrations.

It is worth noting that higher O3 concentrations, potentially indicat-
ing photochemical smog episodes, were associated with fewer ED visits
in the transitional seasons, especially in total cases, females, elderly and
internal cases. Surface ozone is harmful to human health (Krzyzanowski
and Cohen, 2008), and highO3 concentration is expected to increase the
number of ED visits due to asthma (Stieb et al., 1996). However, a neg-
ative association between O3 and cardiac admissions was found in
London, but positive in Hong Kong (Wong et al., 2002). Under the as-
sumption that O3 levels currently observed in the transitional seasons
are below critical thresholds for short-term exposure, the detected O3

effect may be a proxy for other ones, e.g. less NOx usually scavenging
O3. Independent (per se) O3 effects have been mostly found in summer
(World Health Organization et al., 2003).

4.3. Limitations

ED admissions in this research are based solely on cases transported
via the EMS ambulance system in Munich, and does not include cases
which are transported by other means.

Reported statistical associations do not imply causality. For example,
Mondays are linked to higher activities on the roads, thereby increasing
the concentration of pollutants. So the observed association between
pollutants and ED admissions could be due to the unmeasured con-
founder of increased traffic, which increases both pollutants and ED ad-
missions. Despite the high number of variables tested and included,
there still might be suitable predictors which were not included, such
as atmospheric concentrations of allergenic pollen or other events
bringing more visitors to Munich, including festivals and job fairs.

Specific variables could have been omitted by the automatic model
selection due to high correlation with other variables as the model se-
lection process is not able to unravel multi-collinear effects. Addition-
ally, the span of five years may be insufficient to capture year-to-year
variability of weather factors, especially heatwaves (Schär et al.,
2004), which advocates continual ED visit and rescue service monitor-
ing in tandem with associated weather variables.

5. Conclusions

Although the complex and combined effects of pollutants and
weather on ED admissions vary by season, sex, age, and department,
the overall pattern suggests that with ongoing climate change, charac-
terized by more hot days and increased variability of rainfall as well as
drought periods (Seneviratne et al., 2012), numbers of daily ED admis-
sions could continue to increase, warranting more resource planning.
Special attention should be paid to NO and PM10 concentrations in win-
ter in order to prevent higher morbidity, potentially requiring emer-
gency rescue operations. Realistic prediction of rescue service
operations considering in addition to calendar-related factors, weather
and air pollutants in winter will improve the healthcare system and
guide the daily allocation of resources and staff at the hospital and city
level.
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