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Abstract Heatwaves pose a range of severe impacts on human health, including an increase in premature
mortality. The summers of 2018 and 2022 are two examples with record-breaking temperatures leading to
thousands of heat-related excess deaths in Europe. Some of the extreme temperatures experienced during these
summers were predictable several weeks in advance by subseasonal forecasts. Subseasonal forecasts provide
weather predictions from 2 weeks to 2 months ahead, offering advance planning capabilities. Nevertheless,
there is only limited assessment of the potential for heat-health warning systems at a regional level on
subseasonal timescales. Here we combine methods of climate epidemiology and subseasonal forecasts to
retrospectively predict the 2018 and 2022 heat-related mortality for the cantons of Zurich and Geneva in
Switzerland. The temperature-mortality association for these cantons is estimated using observed daily
temperature and mortality during summers between 1990 and 2017. The temperature-mortality association is
subsequently combined with bias-corrected subseasonal forecasts at a spatial resolution of 2-km to predict the
daily heat-related mortality counts of 2018 and 2022. The mortality predictions are compared against the daily
heat-related mortality estimated based on observed temperature during these two summers. Heat-related
mortality peaks occurring for a few days can be accurately predicted up to 2 weeks ahead, while longer periods
of heat-related mortality lasting a few weeks can be anticipated 3 to even 4 weeks ahead. Our findings
demonstrate that subseasonal forecasts are a valuable—but yet untapped—tool for potentially issuing warnings
for the excess health burden observed during central European summers.

Plain Language Summary Heatwaves can have serious impacts on human health, often leading to a
rise in premature deaths. The summers of 2018 and 2022 in Europe were particularly extreme, with record-high
temperatures causing thousands of heat-related deaths. Some of these extreme heat events were predictable

weeks in advance by subseasonal forecasts, which provide weather predictions from 2 weeks to 2 months ahead.
However, there has been limited research on how these forecasts could be used to create early warning systems
for heat-related health risks at a regional level. We explore whether subseasonal forecasts could be used to

predict heat-related deaths in two regions of Switzerland. First, we establish the relationship between daily

temperatures and deaths in these regions during the summers from 1990 to 2017. We use this information to
predict heat-related deaths during the summers of 2018 and 2022, based on subseasonal forecasts. We find that it
is possible to predict spikes of a few days in heat-related deaths up to 2 weeks ahead, and longer periods of a few
weeks of high heat-related deaths up to 3 or even 4 weeks ahead. Our results show that subseasonal forecasts
could be a valuable tool for issuing warnings and reducing the health impacts of future heatwaves in Europe.

1. Introduction

Heat is an established health risk factor, increasing the mortality of human populations around the world (Robine
et al., 2008; Zhao et al., 2021). In 2015, heat was responsible for 4 of the 10 deadliest natural disasters worldwide
(Guha-Sapir et al., 2017; United Nations Office for Disaster Risk Reduction, 2016). Europe emerges after Asia as
the continent with the second highest annual excess mortality due to heat in the period 2000-2019 (Zhao
et al., 2021). As an especially responsive area to temperature rise under climate change (Ballester et al., 2023;
Giorgi, 2006), Europe's heat-related mortality is projected to increase in the coming decades (Liithi et al., 2023).
Several European countries have adopted measures and protocols to mitigate heatwave impacts (Casanueva
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et al., 2019a). France implemented a national heatwave plan and achieved a 70% reduction in mortality rates
during the 2006 heatwave episode compared to expected levels (Fouillet et al., 2008). Despite the measures
implemented by some European countries, the summer of 2022, the hottest season on record in Europe to date
(Copernicus Climate Change Service, 2023), caused over 60,000 excess deaths (Ballester et al., 2023). Under
climate change, such summers will become average instead of extreme in the coming decades (Arias et al., 2021).

Without effective adaptation strategies and the increasing age of the population, health impacts will likely be
exacerbated beyond current levels (Vicedo-Cabrera et al., 2023). Health impacts can be mitigated with proactive
decision-making before heatwaves, such as safeguarding susceptible groups like children and the elderly, and
guaranteeing access to preventive measures well ahead of time (Astrbm et al., 2012; Butler, 2016). The effec-
tiveness of heat-health action plans relies on the implementation of a timely alert system, the preparedness of the
health care system, and long-term urban planning (Lowe et al., 2016). While long-term urban planning has to be
implemented on timescales of a few years to decades, the health system preparedness and alert systems would
benefit from early warning systems aimed at timescales covering a few days to several weeks.

Indeed, the forecasts of subseasonal weather prediction systems can provide critical information for public health
management and planning for weather-related exposure, including temperature, precipitation, and wind extremes
(Anderson et al., 2019; Mariotti et al., 2018; White et al., 2022). However, only a limited number of countries
have developed heat-health action plans that incorporate subseasonal forecasts (Bittner et al., 2014; Smith
et al., 2014), and a global system is entirely lacking (Brimicombe et al., 2024). One explanation for the limited
integration of such forecasts could be the insufficient evaluation of their predictive capabilities when coupled with
exposure risk models. Despite this limitation, there is reported potential for subseasonal predictions of heat-
related mortality at a national level 1 week ahead, including real-time applications, even when the risk models
are coupled to the unprocessed output of forecasts (Lowe et al., 2016; Mistry & Gasparrini, 2024). The potential
for subseasonal predictions of heat-related mortality might be even higher if risk models are coupled to sub-
seasonal forecasts that are previously corrected for systematic biases.

To the best of our knowledge, no studies have combined bias-corrected subseasonal forecasts with temperature-
mortality risk functions to deliver multi-weekly predictions of heat-related mortality. Showing time series of such
predictions offers policymakers and health authorities critical insights into the potential impact of prolonged heat
events and provides a first assessment of the accuracy of subseasonal heat-health warning systems. Europe's
diverse landscape and population distribution underscore the importance to incorporate subseasonal forecasts
with a high spatial resolution and after being corrected for known systematic errors (Jung, 2005; Magnusson &
Kaillén, 2013). The positive effect of forecast bias correction and downscaling (Monhart et al., 2018), the
continuous improvement of subseasonal forecast skill (Vitart, 2014), and the new methods developed toward a
further increase of subseasonal prediction skill (Baker et al., 2023), including machine learning - based models
(Weirich-Benet et al., 2023), are anticipated to result in enhanced potential for subseasonal forecasting of heat-
related risks.

To provide quantitative evidence on the capacity of existing subseasonal forecasting systems to predict opera-
tionally the occurrence of mortality due to heat, we analyze the subseasonal prediction of heat-related mortality in
two Swiss cantons using the output of bias corrected subseasonal weather forecasts downscaled to a spatial
resolution of 2-km. The bias corrected subseasonal forecasts are used operationally by MeteoSwiss, Switzerland's
national weather service, and are based on the extended range forecasts from the European Center for Medium
Range Weather Forecasts (ECMWF). The downscaled forecasts provided by MeteoSwiss can successfully detect
heat stress conditions up to 3 weeks in advance and show a similar temperature prediction skill over the different
regions of Switzerland (Technical Report MeteoSwiss No. 281, 2022).

Switzerland experiences the highest annual fraction of deaths attributable to heat compared to other western
European countries (Masselot et al., 2023; Ragettli et al., 2017). Among all summers between 1864 and 2022,
2018 and 2022 ranked as the hottest and third hottest summers in Swiss cities, respectively (Domeisen
et al., 2023). Focusing solely on the summer seasons of the past decade, 2018 and 2022 stand out as the top two
hottest years in Swiss cities. The high temperatures during these summers had significant impacts on mortality
rates: In 2018, there was a 1.2% increase in mortality due to the heat (Bundesamt fiir Umwelt BAFU et al., 2019),
while in 2022, heat-related deaths accounted for 3.5% of all-cause deaths (Vicedo-Cabrera et al., 2023). We use
the summers of 2018 and 2022 as case studies to demonstrate the potential of subseasonal forecasting systems to
anticipate increases in mortality caused by heat. Specifically, our analysis compares estimates of heat-related
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deaths using forecasts of temperature in two representative Swiss cantons of the Swiss Central Plateau with
estimates based on observed temperatures. The Swiss cantons selected for this study are the cantons of Zurich and
Geneva, located in the northern and western parts of the Swiss Central Plateau, the most densely populated part of
Switzerland.

2. Data and Methods

We use daily observational temperature data, observed all-cause mortality data, and subseasonal forecast data. In
a first step, we estimate the statistical heat-mortality relationship based on daily observed temperature and all-
cause mortality with the help of advanced time-series regression modeling techniques of environmental epide-
miology. In a second step, we combine this heat-mortality relationship with subseasonal temperature forecast data
to predict heat-related mortality. A detailed description of these steps follows below.

2.1. Observed and Forecast Data
2.1.1. Observed Temperature and Mortality

Daily observed data of all-cause mortality counts are obtained for each municipality in Switzerland between 1990
and 2017, and for each canton between 2018 and 2022 from the Federal Statistical Office (BFS), as nowadays
there is no municipality mortality data after 2019. For the same study period we acquire observed daily mean
temperature data on a regular 2-km grid from MeteoSwiss (TabsD data set; MeteoSwiss, 2021) incorporating
approximately 90 homogeneous long-term station series. The TabsD observed daily mean temperature data of
2018 and 2022 constitute the observed temperatures of the summers investigated, while the TabsD data of 1990—
2017 are used for the derivation of the daily climatological temperature distribution. Prior to using the TabsD data
set along with modeling techniques of environmental epidemiology we apply population-weighting on the daily
mean temperature time series covering 1990-2017, using the population data of 2010 from EOSDIS gridded
population, validated and used in previous studies (de Schrijver et al., 2021, 2022). The population weighted
temperature data provides a closer approximation for the mean temperature that the underlying population was
exposed to in reality, as opposed to the mean temperature over the whole grid (Gasparrini et al., 2015; de Schrijver
et al., 2021). This is especially relevant for Switzerland as the temperatures over populated areas and non-
populated areas can vary substantially even within small areas, owing to the geographical features (de
Schrijver et al., 2022).

2.1.2. Subseasonal Forecast Temperature

The operational subseasonal ensemble forecast data of daily mean temperatures of 2018 and 2022 were produced
by the European Center for Medium-Range Weather Forecasts (ECMWF) on a 36-km horizontal grid. The
forecasting system of 2018 was using the IFS Cycle 45r1, which since then was updated four times until the IFS
Cycle 4713 that was used to produce the 2022 forecasts (Haiden et al., 2018, 2021). ECMWF's 2018 and 2022
daily mean temperature forecasts were downscaled by MeteoSwiss to a 2-km grid using the quantile mapping
method and the aforementioned TabsD data set (Monhart et al., 2018), and are here used as our forecasted
temperatures for the investigated summers. The 2018 and 2022 forecasts are initialized (i.e., started with the best
observational estimates) twice per week (on Monday and on Thursday) and comprise ensembles (i.e., groups) of
individual forecasts up to 46 days (50 ensemble members and 1 control run). Due to the initialization only twice a
week, there is the opportunity to sample the forecasted temperature for each calendar date from the model forecast
that was initialized in the first half or in the second half of each lead week. A lead week or forecast week cor-
responds to the time that a forecast is issued. For example, forecasts issued 1 week ahead correspond to forecasts
of lead week 1. For each day of the two investigated summers, we select the corresponding forecast that starts
approximately 1 week before (referred to as “lead week 1 forecast”), 2 weeks before (“lead week 2 forecast”), and
up to 6 weeks before (“lead week 6 forecast”). Since in the prediction system used here there are always two
forecasts started each week, namely on Mondays and Thursdays, we always select the forecasts initialized on
Thursdays, which is why the lead week is only approximate (Figure S5 in Supporting Information S1 for
schematic illustration). Selecting the earlier of the two, however, has shown to not influence any of the key results
of this study.
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2.2. Ensemble Forecasts and Estimation of Forecast Uncertainty
2.2.1. Ensemble Forecasts

An ensemble or group of weather forecasts, with each ensemble member initialized from slightly different initial
conditions (or forecast initializations) and encompassing model uncertainties (Buizza et al., 2005), is a set of
forecasts that presents the range of future weather possibilities. Case-to-case variations in the behavior of the
ensemble members (e.g., the spread among the ensemble members) provide an indication of variations in forecast
uncertainty (e.g., expected forecast error), with small spread indicating low forecast uncertainty and thus high
probability for low forecast error (Toth et al., 2007). Ensemble forecasts exhibit greater skill at forecasting
meteorological phenomena than deterministic forecasting models (Buizza et al., 1999; Lalaurette et al., 2003) and
are valuable for optimizing the prediction of impact related risks (Altalo & Smith, 2004; Taylor & Buizza, 2003).

The reliability of ensemble forecasts is commonly quantitatively assessed by looking at diagnostics that relate the
ensemble spread to the ensemble mean error, using a reference ground truth for the estimation of error, for
example, past observations (Christensen et al., 2015; Leutbecher & Palmer, 2008). ECMWEF is routinely verifying
the so called spread reliability, which measures the ability of the ensemble forecasts to predict the error of the
ensemble mean (https://charts.ecmwf.int/products/plwww_3m_ens_tigge_spreldiag?area=Northern%20Extra-
tropics). In other words, one can use the spread of the forecast to predict how likely is that the forecast will be
accurate, which is one of the main points of having ensemble forecast systems. Otherwise, forecast centers would
rely on the climatological spread for each location and calendar day, which represents the uncertainty derived
from the climatological distribution based on historical observations, typically spanning at least 20 years. In fact,
the climatological spread is used by ECMWEF as benchmark to assess the added value of the ensemble forecast
system (see Figure 15 in (Haiden et al., 2023)).

2.2.2. Forecast-To-Climatological Spread Ratio (FCSR)

We here use a similar concept and define the forecast-to-climatological spread ratio (FCSR) of the subseasonal
temperature forecasts to identify how certain the forecasts are compared to the benchmark of climatology. The
FCSR puts the uncertainty of the ensemble temperature forecast at each forecast time (e.g., uncertainty of forecast
for 21-June-2018) in context to the usually expected temperature uncertainty (climatological uncertainty) at the
given location and day of the year (e.g., uncertainty expected for the 21-June by the climatological temperature
distribution). The FSCR can be calculated in an operational setting, being defined as the division of the forecast
spread by the climatological spread for each calendar date and lead time. The forecast spread is estimated for each
lead time and calendar date by computing the standard deviation of the forecast's ensemble members relative to
the forecast's ensemble mean. The climatological spread is estimated by computing the standard deviation for
each calendar date considering the years of the climatological distribution (1990-2017). The lower the FCSR is,
the more likely is the forecast to be accurate. As explained above, the FCSR method is not intended to evaluate
forecast skill, but to predict the likelihood of the prediction to have high or low skill.

Our study focuses on coupling subseasonal ensemble forecasts to heat-health impact models in an operational
setting, aiming for mortality forecasts to be used in real time for the reduction of heat-health related impacts. As
explained bellow in Section 2.3, the mortality predictions based on temperature ensemble forecasts incorporate
both the uncertainty of the weather forecasts as well as the uncertainty of the estimated heat-mortality rela-
tionship. However, due to reasons discussed later in the result section, there are unrealistically good estimates of
the accumulated mortality predictions over the course of a full season at long forecast times (i.e., forecasts longer
than a week). Therefore, we show how indices such as the FCSR, that incorporate the uncertainty information of
weather ensemble forecasts and the uncertainty information of our recent past climate, can be used in order to
provide more realistic accumulated mortality predictions at long forecast times. This does not mean that using the
FCSR the provided mortality estimates have lower errors compared to the ground truth, but that the FCSR can
help to implement more realistic estimates of subseasonally accumulated impact forecasts. To assess the sensi-
tivity of the accumulated mortality predictions, we are using FCSR values lower than 0.5, 0.8, and 1. The
thresholds are chosen to range from a forecast spread lower than half of the spread indicated by climatology to a
forecast spread almost equal, but still lower, than the climatological one.
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2.3. Quantification of Heat-Related Mortality in 2018 and 2022 Summers
2.3.1. Estimation of Heat-Mortality Relationships

The epidemiological analysis to assess the relationship between heat and mortality in each canton is based on a
two-stage time-series regression analysis which is commonly used in multi-location time-series studies (de
Schrijver et al., 2022; Vicedo-Cabrera et al., 2021). First, we perform a small-area study with separate case-time
series analysis for each of the 26 Swiss cantons applying a conditional quasi-Poisson regression (Gas-
parrini, 2022). This analysis combines the population-weighted daily mean temperature time series and the
observed daily counts of all-cause mortality data by municipality in Switzerland between 1990 and 2017 (de
Schrijver et al., 2022). We model the temperature-mortality relationship for each canton using distributed-lag
non-linear models to account for both delayed and non-linear dependencies, typically found in temperature-
mortality assessments (Gasparrini, 2014). Since we are interested in heat only, we restrict the analysis to the
summer months (June—August). We model the mortality-temperature association with a natural spline and knots
in the 50th and 90th percentile of the location-specific summer temperature distribution, and 10 days of lag with a
natural spline and two internal knots equally spaced in the log scale, as done in previous research (Vicedo-Cabrera
et al., 2021).

In a second stage, we derive for each canton the improved predictions of the exposure-response association (i.e.,
Best Linear Unbiased Predictions, BLUPs) from a meta-analytical model using the information from all the
temperature-mortality curves from the 26 Swiss cantons (Sera et al., 2019). BLUPs borrow information across
units within the same hierarchical level and can offer more accurate estimates, especially in locations with small
daily mortality counts or short series. Thus, we leverage the information from the other cantons to produce more
accurate and stable exposure-response curves for the two cantons of interest (De Schrijver et al., 2023; Vicedo-
Cabrera et al., 2021). The meta-analytical model uses a multivariate random effect meta-regression with average
and range temperature by canton as fixed effects and a region indicator as random effects. The BLUPs represent
the cumulative relative risk of death due to temperature over a 10-day lag period for each temperature value in the
observed range, as prior research has demonstrated that heat risks tend to occur quickly after exposure and then
disappear within 10 days (Gasparrini et al., 2016). The BLUPs are expressed as the relative risk at a given
temperature, using as reference the temperature with minimum mortality risk between the 25th and 90th
percentile of the exposure-response association (i.e., so-called minimum mortality temperature, MMT).

2.3.2. Heat-Related Mortality of the 2018 and 2022 Summers

To quantify the heat-related mortality for the summers of 2018 and 2022, the epidemiological analysis needs to be
combined with the temperature data of these two summers. For each canton (Zurich or Geneva) we use the canton
specific relative risk (RR) function defined by the BLUPs and couple it with the daily summer specific tem-
perature following (Gasparrini & Leone, 2014). The observed heat-related mortality (ground truth) is estimated
by coupling the canton specific RR to the observed summer specific temperature (TabsD data for 2018 or 2022).
The climatological mortality, that is the mortality expected for that day based on the climatological daily tem-
perature, is derived by coupling the RR to the climatological daily temperature (TabsD data daily mean for 1990—
2017). The predicted mortality is derived by coupling the RR to the forecast temperature of the investigated
summer (i.e., the downscaled subseasonal forecasts for 2018 or 2022).

Thus, in each day between June and August 2018 and 2022, we calculate the temperature-related mortality
fraction and number using the mortality risk on that day given either the observed, climatological, or forecasted
temperature, and the moving average of the observed mortality across 10 days of lag to account for the delayed
effect (i.e., assuming the forward perspective (Gasparrini, 2014)). We assume that deaths due to heat were those
temperature-related deaths during days with mean temperature (observed, climatological, or forecasted) above the
MMT. The calculations of the attributable fraction (AF) and attributable number (AN) of deaths for the exposure
X in a given day t (i.e., hot temperatures) follow Equations 1a and 1b, respectively:

AF,, = 1 — exp(=px,), (1a)

ANx,t =n 'AEV,N (lb)
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Figure 1. Heat-mortality relationship estimated as best linear unbiased predictions (BLUPs; Methods) and reported as
relative risk (with 95% confidence interval, shaded red) for a cumulative 10-day lag of summer temperature versus the
optimum temperature MMT (temperature of minimum mortality). The results are plotted along the observed temperature range
above MMT. The vertical gray dashed and solid lines indicate the MMT and 95th percentile of location-specific summer
temperature, respectively.

with n, as the total number of cases represented as the moving average of the total number of deaths in that day t
and the following 10 days. The parameter fx used in Equation 1a represents the risk associated with the exposure,
and it corresponds to the logarithm of the relative risk (see for example Figure 1). The heat-related mortality
fraction over the summer was computed as the sum across all daily AN (i.e., number of heat-related deaths)
divided by total mortality (r,) for that summer.

The deaths reported in mortality registries as “heat-related deaths™ are a clear underestimation of the impacts,
because (a) doctors tend to register deaths (by assigning a code—ICD10 code) based on the diagnosis (e.g.,
myocardial infarction) and not the cause (e.g., heat), and (b) reported heat-stroke deaths are usually found in
populations without co-morbidities (i.e., healthy people), mainly of working age. These are the reasons why heat-
related deaths must be estimated from statistical models.

Finally, we derive the 95% empirical confidence intervals (95% eCI) using Monte Carlo simulations of the co-
efficients defining the cumulative exposure-response function assuming a multivariate normal distribution. For
the forecasted series, we derived the ensemble mean number of heat-related deaths by day and the 95% eCT using
the overall empirical distribution across all model ensemble members — thus accounting for both the uncertainty
of the exposure-response curve and the uncertainty of the meteorological forecast.
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3. Results and Discussion
3.1. Heat and Mortality Relationship

The heat-mortality relationship between temperature and mortality for Zurich and Geneva is expressed as relative
risk and can be interpreted as the change in mortality risk at a specific temperature against an optimum tem-
perature, the so-called temperature of minimum mortality (MMT) (Gasparrini et al., 2015; Vicedo-Cabrera
et al., 2021). The heat-mortality relationship is presented in Figure 1 for the cantons of Zurich and Geneva be-
tween the summers of 1990 and 2017 for temperature values above the MMT (17.6°C). The mortality risk quickly
increases to more than 10% (relative risk = 1.1) in both cantons for temperatures lower than the 95th percentile
(gray solid vertical line in Figure 1), which is a commonly used percentile to define heatwaves (Fischer &
Schir, 2010; Hoy et al., 2017). For temperatures above the 95th percentile the uncertainty in the mortality risk
almost doubles due to the small sample size of these extreme temperature values. The heat-mortality relationship
is expected to vary among the different cantons due to the different population characteristics (e.g., socio-
economic and demographic characteristics) (Gasparrini et al., 2015; de Schrijver et al., 2021, 2022). Other
possible explanations for heterogeneity in vulnerability between regions include differences in greenness, level of
urbanization, and adaptation owing to climatological and topographical differences (Chen et al., 2016; Gasparrini
et al., 2022; Murage et al., 2020; Pascal et al., 2021).

3.2. Subseasonal Prediction of Temperature

In the summers of 2018 and 2022, Zurich (Figure 2) and Geneva (Figure 3) experienced prolonged periods of
daily mean temperature (solid black curves) higher than the 1990-2017 climatologically expected mean values
(dashed black curves). In particular, 77% of the days during the 2018 summer exceeded the climatological 50th
percentile, being hotter than average, in both cantons. In 2022 hotter than average days amounted to 82% in the
canton of Zurich and 90% in the canton of Geneva. Among the hotter than average days, 15% and 16% correspond
to observed temperatures higher than the 95th percentile during the summers of 2018 and 2022, respectively, in
Zurich (dotted black curves). In Geneva, the respective percentages correspond to 10% in 2018 and 25% in 2022.

The subseasonal forecasts (colored curves and shading) capture most of the individual peaks of daily mean
temperature variability in Zurich and Geneva 1-2 weeks ahead for both summers. Some individual temperature
peaks are even predicted 3 weeks in advance in both cantons, although with large forecast uncertainty (shaded
areas Figures 2 and 3). For example, in Zurich, the lead week 3 temperature prediction reaches the observed
extremes in the middle of July in both the 2018 and 2022 forecasts. However, the ensemble mean prediction tends
to underestimate observed temperatures with values higher than the 95th percentile at this forecast lead time. As
here we use forecasts for only 2 summers, we cannot perform a statistically robust evaluation of the forecast
performance, which, however, has been done in other studies: For instance, it has been shown that the ECMWF
subseasonal forecasts underestimate daily maximum temperature over continental Europe (Dutra et al., 2021).
However, compared to other heatwave characteristics such as onset and duration, heatwave intensity is the most
predictable characteristic of European heatwaves (Pyrina & Domeisen, 2023). Over Central Europe, heatwave
intensity is predictable by the model ensemble mean up to forecast lead times of 3 weeks (Pyrina &
Domeisen, 2023; Lavaysse et al., 2019; Technical Report MeteoSwiss No. 281, 2022), which for case studies is
similar to other extratropical regions (Domeisen et al., 2022).

Although the ensemble mean forecast for lead weeks 4—6 captures the tendency for extended warmer and cooler
periods, the forecast overall exhibits large uncertainty and its ensemble mean tends to converge toward clima-
tology. The increase in forecast uncertainty and the ensemble mean's convergence toward climatology is an
inherent characteristic of subseasonal weather forecasts, reflecting the intrinsic predictability limit for deter-
ministic weather forecasts of about 2-3 weeks (Domeisen et al., 2018; Lorenz, 1963; Zhang et al., 2019). Pre-
dictability on longer timescales is not expected for specific temperature peaks, but subseasonal forecasts can
capture tendencies for extended periods of warm or cool temperature anomalies (Vitart et al., 2019; Vitart &
Robertson, 2018).

Periods exhibiting forecast uncertainty lower than expected climatologically indicate that the forecast is more
certain than on average, even though, in reality, there can be errors when retrospectively compared to observa-
tions. For example, the 2018 ensemble forecast for lead week 6 in Zurich (Figure 2) is relatively certain in the
middle of July, but exhibits a large error compared to the observations. The forecast uncertainty (spread) cannot
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Figure 2. Observed daily mean temperature (black solid curve) and daily mean temperature forecasts for the summers of 2018 (left column) and 2022 (right column).
The climatological mean and 95th percentile (1990-2017) are given by the black dashed and dotted curves, respectively. The results are shown for forecast
initializations during lead week 1 (red), lead week 2 (light green), lead week 3 (blue), lead week 4 (orange), lead week 5 (dark green), and lead week 6 (purple) for the
canton of Zurich. The shaded area around the solid line denoting the forecast ensemble mean for a specific lead week indicates the 5th to 95th percentile of the ensemble
forecast. The gray vertical shading indicates periods where the forecast-to-climatological spread ratio (FCSR) is lower than 0.8, indicating a low intrinsic forecast

uncertainty.

be used to strictly evaluate forecast skill in advance, but to indicate periods of ensemble forecast agreement, and
estimate the likelihood of the forecast to have high or low skill. Indices implementing information of the forecast
spread can then be used to constrain the predictions of heat-related mortality. To identify for each forecast lead
week the periods with forecast uncertainty lower than expected climatologically, we use the forecast-to-
climatological spread ratio (FCSR). Values of FCSR equal to 1 correspond to forecast spread equal to clima-
tology. The lower the FCSR, the more certain the forecast is. We have calculated the FCSR for a range of values
that vary from a forecast spread lower that half of the spread indicated by climatology, to a forecast spread almost
equal, but still bellow, the climatological one. Here we show the results for the middle of this FCSR range being
FCSR < 0.8 indicated in Figures 2 and 3 by the gray shaded areas. As expected, such high certainty periods are
identified mostly during the first 2 weeks after forecast initialization.

3.3. Subseasonal Prediction of Heat-Related Mortality

To obtain a probabilistic prediction of the heat-related mortality fraction, or attributable fraction of mortality for
Zurich (Figure 4) and Geneva (Figure 5), we couple the heat-mortality relationship with the ensemble temperature
forecasts separately for each canton, each lead week, and each summer. The uncertainty in the mortality risk is
taken into account when coupling the heat-mortality relationship to observed and predicted daily temperatures.
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Figure 3. Same as Figure 2, but for the canton of Geneva.

Therefore, the attributable impacts account for both the uncertainty of the heat-mortality relationship, as well as
the variability across the ensemble forecasts. Our attributable heat-related mortality estimates, do not account for
possible uncertainties stemming from the estimation of the MMT (Tobias et al., 2017).

The probabilistic prediction of the heat-related mortality fraction is compared against the observed heat-related
mortality fraction (black solid line, Figures 4 and 5), which is estimated using observed temperature and is
considered the ground truth. Note that the probabilistic prediction of heat-related mortality is independent of the
observed heat-related mortality estimation, as the temperature forecasts are initialized from different temperature
data than those used to estimate the observed heat-related mortality here. The daily heat-related mortality fraction
estimated based on climatological temperature is shown by the dashed black line.

The observed heat-related mortality peaks can be successfully predicted over the course of the 2018 and 2022
summers in Zurich (Figure 4) and Geneva (Figure 5) for lead week 1, both in terms of timing and mortality
estimate number. In lead week 2, there are some successful predictions of heat-related mortality peaks as well,
especially for the summer of 2022. For example, the heat-related mortality is well captured in Zurich in the middle
of July and beginning of August 2022 (Figure 4). However, the heat-related mortality in mid-June 2022 in Zurich
was not captured due to the model error in temperature prediction. This issue is also reflected by the large FCSR,
indicated in Figure 2 by the absence of gray shading during that period. In Geneva, the lead week 2 heat-related
mortality predictions of 2022 capture well the mortality peaks from almost the beginning of July until the end of
August (Figure 5).
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Figure 4. Observed (solid black line), climatological (dashed black line), and predicted (solid colored lines) heat-related mortality fraction in the summer of 2018 (two
upper panels) and in the summer of 2022 (two lower panels) for the canton of Zurich. The results are shown for the forecast initializations as described in Figure 2. The
shaded area around each lead week's mortality forecast corresponds to the 95% confidence interval.

To assess how accurately the heat-related mortality peaks are predicted across the different forecast lead times, we
calculate the Mean Error (ME) between the predicted and observed heat-related mortality fractions on days when
the observed temperature exceeds the 95th percentile (Figure 6). The 95th percentile is chosen to evaluate the
prediction of mortality peaks, as this is also the percentile value frequently used to identify heatwave days
(Fischer & Schir, 2010; Hoy et al., 2017), and the uncertainty in the associated mortality risk is much lower
compared to higher percentiles (Figure 1). For both cantons and summers examined, the error in predicting heat-
related mortality peaks remains below 10% for forecasts up to 2 weeks in advance, but doubles for longer lead
times. Moreover, the error increases and becomes more negative for forecast times longer than a week, as the heat-
related mortality peaks are mostly underestimated for these forecast times.
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Figure 5. Same as Figure 4, but for the canton of Geneva.

Even though heat-related mortality peaks cannot be well predicted further than 2 weeks ahead, in some cases,
multi-week periods of enhanced heat-related mortality can be anticipated by lead week 3. The correct tendency of
the mortality predictions for such lead times is also confirmed by the correlation coefficient values being above
0.5 between predicted and observed heat-related mortality (see Tables S1 and S2 in Supporting Information S1).
Examples of such periods include the beginning of August 2018 and the middle of July 2022 in Zurich and in
Geneva. Moreover, in both cantons during summer 2022, there is an indication of an excess mortality period in the
beginning of August as far out as lead week 5. Subseasonal forecast systems are usually not able to correctly
predict daily values at these long lead times. The ensemble forecast in this particular case correctly predicts the
tendency for the higher than usual temperatures, and thus heat-related mortality, over several days around the
beginning of August 2022 (Figure 3). These partly successfully subseasonal temperature forecasts were possibly
related to so-called windows of opportunity, periods typically associated with the skillful prediction of relevant
precursors (Mariotti et al., 2020; Robertson et al., 2020; Yang et al., 2023). The conclusions drawn for the cantons
of Zurich and Geneva regarding the successful prediction of heat-related mortality peaks 1-2 weeks in advance, as
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Figure 6. Mean error (ME) of predicted heat-related mortality fraction (i.e., predicted heat-related mortality fraction minus observed heat-related mortality fraction)
during days with observed temperature above the 95th percentile. The results are given for the cantons of (a) Zurich, and (b) Geneva. The error bars correspond to the

95% confidence interval.

well as the ability to predict extended periods of heat-related mortality up to 3 or 4 weeks ahead, also apply to
other Swiss cantons (see Supporting Information S1).

The prediction of the heat-related mortality fraction is in many cases overestimated (Figures 4 and 5). This
overestimation exists during mortality peaks in lead weeks 1-2 and in lead weeks 3—6 during multi-week periods
where heat-related mortality should be equal to zero, as mean temperature is below the MMT. The non-linear
relationship of temperature and mortality and the increased uncertainty at the tail of the temperature distribu-
tion (Figure 1) lead to large mortality prediction uncertainty for even relatively low discrepancies between
forecasted and observed temperature maxima. For example, in the summer of 2022 the mortality peak predicted in
Zurich and Geneva in the beginning of August in lead week 1 differs from the observed estimation by 10% +
10%, for a temperature absolute error of approximately 0.03°C #+ 0.33°C and 0.63°C + 0.45°C for Zurich and
Geneva, respectively. The overestimation of maximum temperature can eventually lead to the overestimation of
the total predicted mortality during the whole summer.

The heat-related mortality predictions summed over the course of the summer for different lead times can
showcase the model's predictive capabilities for the entire summer seasons of 2018 and 2022. However, aside
from lead week 1, the other lead weeks show a consistent prediction of heat-related mortality throughout the
summer, which leads to unrealistically good estimates of heat-related mortality at forecast lead times further than
2 weeks. As seen in the upper panel of Figure 5 for the middle of August 2018, the predicted heat-related mortality
at, that is, lead week 3, can be highly overestimated due to the prediction of heat-related mortality during periods
where it should have been equal to zero (as mean temperature is below the MMT). To provide an alternative
estimate of heat-related mortality for forecast lead times longer than 1 week, we explore the differences in
predicted heat-related mortality summed for the entire summer and conditioned on different FCSRs.

The predicted heat-related mortality number, or attributable mortality number, summed over the course of the
summer is calculated over all days (black bar), over the days that exhibit FCSR lower than 1 (moderate certainty;
brown bar), lower than 0.8 (high certainty; orange bar), and lower than 0.5 (very high certainty; blue bar). The
results are then given as a fraction by dividing with the total observed all-cause mortality over the summer
(Figure 7). Conditioning on the FCSR does not affect the total summer heat-related mortality estimate during lead
week 1, as for this forecast time the forecast uncertainty is low (e.g., Figure 2). The forecast spread increases for
lead week 2 forecasts, causing the heat-mortality predictions to vary according to the FCSR. For lead weeks 36,
only the non-conditioned mortality sum provides an estimate close to observations. However, as mentioned above
and shown in Figures 4 and 5, this estimate is unrealistically good and results from the constant estimation of heat-
related mortality for these lead weeks. Therefore, for the forecast weeks 3—6 a heat-related mortality estimate
could be given only for the general tendency of these forecast weeks and by looking at FCSRs being lower than 1.
The case of using no restriction to constrain the heat-related mortality predictions would lead to unrealistically
good estimates of the total predicted mortality at lead times longer than 2 weeks.
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Figure 7. Heat-related mortality fraction in the cantons of Zurich (top row) and Geneva (bottom row) for the summers of 2018 (left column) and 2022 (right column).
The results are given without conditioning on the FCSR (gray bar) and during days with FCSR lower than 1 (brown bar), lower than 0.8 (orange bar), and lower than 0.5
(blue bar). The error bars at each lead week's mortality forecast correspond to the 95% confidence interval.

The heat-related mortality estimated for the summer season based on observed temperature and observed-daily
mortality is approximately equal to 5.5% in both cantons during the summer of 2018, as well as in Zurich in
2022 (black dashed line Figures 6a—6¢ respectively), but it is considerably higher in Geneva in 2022 reaching
values of around 9% (Figure 6d). During both summers, the predicted heat-related mortality for the season in lead
week 1 is overestimated compared to the estimation based on observed temperature and exhibits large uncertainty
(vertical black lines). The maximum difference between predicted and observed mortality values is found for both
cantons in the summer of 2018, and is equal to 2.4% in 2018 and 0.6% in 2022 for Zurich and 0.9% in 2018 and
0.1% in 2022 for Geneva. The strong overestimation of heat-related mortality during the summer of 2018 at lead
week 1 is mainly driven by the overestimation on maximum temperatures by the forecast model during the end of
August and beginning of September. This overestimation of temperature could have occurred by chance in this
particular period, but it can also be related to systematic biases stemming from the forecast model version of 2018,
shown to exhibit higher summer temperature biases compared to its most recent version (Haiden et al., 2021).

Currently, most European heat-health warning systems focus on issuing warnings to relevant authorities and
vulnerable people some days before the onset of a heatwave (Casanueva et al., 2019b), as predicting the onset of a
heatwave beyond 1 week in advance presents significant challenges (Pyrina & Domeisen, 2023). Nonetheless, the
risk of cumulative mortality becomes substantial even for temperature values considerably lower than conven-
tional heatwave thresholds. Our findings indicate that health authorities may be able to start taking action based on
heat-health action plans up to 3 weeks prior to the expected onset of a hot period. While our study focuses on
regions within Switzerland, similar predictive capabilities can be expected for other European regions, provided
mortality models are integrated with high-resolution and bias-corrected subseasonal forecast data.
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3.4. Limitations

We acknowledge some limitations of this study. The effects of humidity in the association of heat-related
mortality are not considered, as recent investigations suggest that its role and the way it is modeled in climate
epidemiology remain unclear (Lo et al., 2023; Sivaraj et al., 2024). We assume, thus, that temperature alone will
be a good enough proxy of the effect of heat on mortality, as done in previous work (Gasparrini et al., 2015).
Moreover, we have not considered adaptation to heat stress in our assessment, in terms of changes in the asso-
ciation between heat and mortality between the two considered years and within each summer season. However,
given the short time period considered, we believe that by accounting for adaptation, the conclusions would have
not changed.

Despite having access to what is, to our knowledge, the most comprehensive data sets for climate epidemiology
and subseasonal forecasts, our geographical scope is limited to central-western Europe. Hence it will have to be
explored to what extent these results can be extrapolated to a larger region, or let alone the globe. At the same
time, heat-related mortality is analyzed for the Swiss cantons as a whole, which leaves out details on the heat-
related mortality prediction differences that can arise from intra-community differences in vulnerability due to
the regional distribution of the population with regards to for example, age and gender (Ballester et al., 2023;
Benmarhnia et al., 2015; de Schrijver et al., 2022). Also, important small-scale climatic differences, such as urban
heat island effects, are not resolved and can overlap with vulnerable communities (Oke, 1982). We here refrain
from further sub-dividing an already small sample into these characteristics, but it is clear that such information at
a large-scale can further benefit early warning systems. Furthermore, as this research is based on case studies, we
cannot verify the percentage of accurate mortality predictions versus false alarms. False alarms would refer to
predictions of heat-related mortality exceeding a selected threshold, but do not correspond to the ground truth. It is
crucial to evaluate false alarms before implementing actual warnings to ensure the effectiveness and reliability of
the warning system. This evaluation will help in understanding the potential consequences of the prediction.

Coupling risk models to subseasonal forecasts is associated with two challenges: 1. Risk models require data with
spatial resolutions of a few kilometers, a level of detail currently lacking in subseasonal forecasts, and 2.
Dynamical weather prediction models are known to suffer from systematic errors (Jung, 2005; Magnusson &
Kallén, 2013), rendering their output unsuitable for direct use by risk models without prior correction by domain
experts. In this study we relied on subseasonal forecasts from a state-of-the-art prediction system (Vitart &
Robertson, 2018), but prior to our analysis the forecasts were downscaled and bias corrected by MeteoSwiss. This
task required the expertise of domain specialists, as well as time and storage resources. Downscaled and bias-
corrected operational forecasts are typically archived for only a few years by Switzerland's public services, a
constraint that may also apply in other countries. Nevertheless, our examination of two case studies corresponding
to two of Switzerland's hottest years highlights the potential of using such forecasts for mortality predictions.

4. Conclusions

We combine state-of-the-art techniques from climate epidemiology and subseasonal forecasting to determine the
potential to predict heat-related mortality on subseasonal timescales in Switzerland at 2-km spatial resolution.
This is achieved by comparing estimates of heat-related mortality based on predicted versus observed temper-
atures over lead times of 1-6 weeks. The analysis is conducted for the hot summers of 2018 and 2022 and the
results are provided for two regions representative of the Swiss Plateau, the cantons of Zurich and Geneva.
Depending on the year and canton, the heat-related mortality for these hot summers accounts for a range from 5%
to 9% of all-cause mortality, with the highest percentage (9%) found for the canton of Geneva in 2022. This
percentage is notably high, especially compared to the heat-related mortality of 3.5% of all-cause mortality
estimated from observed temperatures across the entire country in 2022 (Vicedo-Cabrera et al., 2023).

The forecast model demonstrates a high capability to predict both the total heat-related mortality and short-term
peaks lasting a few days during the summers of 2018 and 2022, with lead times of 1-2 weeks. Although the
forecast model cannot accurately predict short-term mortality peaks more than 3 weeks in advance, which is not
expected given the chaotic nature of weather prediction, the model can provide information about longer up-
coming hot periods when excess heat-related mortality can be expected. We have shown for the first time that
coupling heat-mortality models with bias-corrected subseasonal forecasts leads to robust estimates of subseasonal
predictions of heat-related mortality for forecast times longer than a week. Although further studies along the
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process chain will be needed for working toward implementation in an early warning system, this result highlights
the value of subseasonal forecasts for public health management and preparation for heat-related risks.

In Europe, temperatures are increasing at a pace surpassing the global average (Simmons, 2022), and in particular
extreme heat events are strongly increasing in frequency (Russo & Domeisen, 2023). Hence, predicting warmer
than normal days and periods as early as possible and acting upon their anticipated impacts is a crucial part of
adapting to climate change. Our findings underscore the potential of employing subseasonal forecasts to antic-
ipate hot periods and peaks in mortality well in advance, and call for heat-health platforms to initiate preventive
measures for subseasonal forecast lead times. The elevated levels of heat-related mortality witnessed in Europe
during recent summers alongside the capacity for timely prediction necessitate that national governments and
agencies within Europe should enhance the ambition and efficacy of their heat prevention and adaptation
strategies.
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