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Abstract 
 

The impacts of anthropogenic climate change remain largely unquantified. Here we detail and 
address limitations in existing methods for attributing health impacts to climate change, including 
the representation of the climate-health relationship, choices in calculating counterfactual 
temperatures, assessment of long-term trends and individual events, and estimation of the effects 
of adaptation. Applying these methods, we found over 1,700 deaths attributable to anthropogenic 
temperature increases in the Canton of Zürich (Switzerland) over 50 years. Changing exposures 
and vulnerabilities to heat, including due to adaptation, avoided over 700 deaths. Heat-related 
deaths peak during heatwaves but also occur throughout summer months and the fraction of 
deaths attributable to climate change is higher outside heatwaves. Our approach supports targeted 
adaptation measures, and the analyses described here could be adapted and applied elsewhere to 
assess the effect of climate change on other health impacts or economic losses. 
 

Teaser 

Synthesis of climatological and epidemiology methods finds 1,700 heat deaths attributable 
to climate change in the Canton of Zürich (1969-2018).  
 

MAIN TEXT 

 

Introduction 

 

Human-induced climate change causes substantial morbidity and mortality from increasingly 
frequent and intense extreme weather events, rising temperatures and sea levels, and altered 
seasonality (1, 2). These changes have direct physiological effects, shift the distribution of 
pathogens and disease vectors, reduce the yields and nutrient quality of food crops, and influence 
socioeconomic determinants of health. As global temperatures rise, the magnitude of associated 
health impacts is projected to increase further (3–5). Studies quantifying the already-occurring 
effects of climate change on health can improve awareness of its impacts, inform adaptation 
decisions and political negotiations around loss and damage (6), and provide evidence for 
climate-related lawsuits (7), but remain limited in number, scope, regional coverage, and in the 
rigour of methods applied. No previous paper describes methods for attributing health impacts to 
climate change comprehensively, including the synthesis of climate attribution and 
epidemiological approaches. Here, we develop an approach for quantifying climate change effects 
on heat-related mortality in a specific location. Methods described in this article can be adapted to 
assess effects of climate change on other health impacts or in other regions. 

Widely-applied methods exist for quantifying the effect of climate change on weather (8) and 
climatic conditions on health (9, 10). Recent studies extended attribution analyses from assessing 
climate change influence on meteorological events to their economic and health impacts, 
including on heat-related mortality (10–13). However, estimating the effect of climate change on 
current or historical health impacts is not a trivial task. Several methodological questions arise 
that have not yet been addressed sufficiently. These include how the climate-health relationship 
affects the approach for quantifying climate change impacts, how to account for adaptation and 
the various sources of uncertainty stemming from climate-science and epidemiological 
components of analyses, and what methods are best to quantify impacts resulting from single 
events and effects accumulated over longer periods of time.  

We present a case study of the effect of climate change on observed heat-mortality impacts in the 
canton of Zürich (Switzerland) over 1969-2018 to illustrate method-related issues, and we argue 
that combining state-of-the-art climate-science and epidemiological methods can address the 
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limitations of the approaches most commonly used at present. We use time-varying exposure-
response associations to quantify the effects of adaptation in reducing populations’ exposure to 
heat and conduct analyses that compare heat-related mortality attributable to climate change 
within and outside of heatwaves. 

Probability and intensity-based approaches for health attribution 

Climate change attribution studies quantify the effect of anthropogenic climate change on a 
meteorological event or trend in a climate variable relative to a counterfactual climate in which 
human influence is excluded. This counterfactual climate can be represented in multiple ways. 
One option is to quantify the relative likelihoods that an event greater than a threshold magnitude 
would occur in the present and counterfactual climates. Studies also assess how much less/more 
intense an event of observed probability would have been without climate change, as we do here. 
These choices affect the representation of the climate-health relationship and the interpretation of 
the findings. 

Probability-based assessments quantify the relative chance of exceeding a threshold magnitude 
with and without climate change. In practice, this approach represents the relative probabilities of 
the ‘class of events’ that meet or exceed the observed event’s magnitude, rather than the specific 
event that occurred (14). Such assessments also dichotomise exposure-response relationships: 
impacts are considered to occur at or beyond a threshold value and those that occur below the 
threshold are implicitly disregarded. Furthermore, because probabilities attributable to climate 
change reflect temperatures at least as high as the observed, probabilistic assessments represent 
the effect of climate change on more severe impacts than those that occurred (14). However, 
temperature-mortality relationships are continuous above the minimum-mortality temperature, 
and heat-related deaths increase non-linearly with progressively higher temperatures. The overall 
mortality burden of moderate temperatures may be substantial since moderate temperatures occur 
commonly (Figure 1c).  

If a study seeks to assess whether any heat-related deaths occur, the minimum-mortality 
temperature could be used as a threshold for a probability-based analysis, as is done in the 
epidemiological literature (15). Otherwise, the effect of climate change can be assessed more 
accurately by comparing heat-related mortality under present-climate conditions and 
counterfactual temperatures using the state-of-the-art methods in climate epidemiology that 
account for the complexity (i.e., non-linearity and delayed effects) of the temperature-mortality 
relationship (time-series analysis, Methods, Figure 1a). We adopted this approach here. 

The intensity-based approach for attribution raises the question of how to estimate counterfactual 
temperatures. Previous research used bias-corrected climate-model (GCM) data to represent the 
historical climate, with anthropogenic and natural forcings, and a ‘historical-natural’ climate from 
which anthropogenic climate forcings are excluded (10). However, day-to-day variability in GCM 
data does not align well with observed temperatures: days with highest temperatures differ 
between GCMs and observations (Figure S1). Consequently, in previous studies (10) it was more 
appropriate to use mean mortality by day of the year, as done in health impact projection studies 
(9), rather than observed data as the denominator to derive the daily heat-attributable fraction of 
deaths (10). Mean values by day of the year retain seasonal patterns but do not represent the full 
variability of heat-related mortality. Peaks and troughs in daily mortality do not appear in 
averaged data. 

We resolve this limitation by using observed temperatures to quantify heat-related mortality in the 
historical period and derive counterfactual temperatures by subtracting the anthropogenic 
temperature change for each day from the observations, based on climate-model and observation-
based datasets. This approach is similar to that previously applied (with annual data) to quantify 
economic impacts of climate change (16). The attributable temperature change corresponds to the 
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difference between factual and natural temperatures with return times equal to the observations, 
from daily GCM and reanalysis (observation-based gridded climate data) outputs (Methods). 
Because the observed pattern of daily temperatures is preserved, it is appropriate to use observed 
daily mortality to assess heat-related deaths. This approach accords greater confidence in 
calculating absolute values of heat-related mortality attributable to climate change, especially 
during heatwave periods. 
 

Results  
 

Heat-related mortality attributable to anthropogenic climate change in Zürich between 

1969-2018 

We calculated climate-change-attributable heat-related mortality for the Canton of Zürich 
(Switzerland, population 1.5 million in 2021 (17)) over 1969-2018 as the difference between that 
associated with observed and counterfactual temperatures (Methods). This requires daily 
temperatures under factual and counterfactual conditions, daily total mortality, and the exposure-
response relationship between temperature and mortality risk.  

To generate counterfactual temperatures, we calculated the quantiles of daily-mean temperature 
frequencies in station observations from Zürich for June – August 1969-2018, the period for 
which mortality data were available, fitted to a logistic distribution (Methods). For each day, we 
calculated the temperatures under historical (factual) and counterfactual conditions with return 
times equal to that calculated from the observations. To do so, we fitted daily-mean temperatures 
for the grid cell containing the Canton of Zürich from factual and counterfactual timeseries from 
an ensemble of models from the Coupled Model Intercomparison Project Phase 6 (CMIP6, Table 
S1) and observation-based datasets (reanalysis and station observations) to a logistic distribution. 
In models for which historical-natural simulations were unavailable, and for the observation-
based data we applied a widely-used regression-based method for generating counterfactual 
temperatures (8) (Methods). 

Daily counterfactual data were calculated by subtracting from station observations a temperature 
anomaly attributable to anthropogenic climate change, equal to the difference between factual and 
counterfactual temperatures in each model and observation-based dataset. Summer (June-August) 
warming attributable to anthropogenic influence increased across the study period, reaching 1-1.5 
°C in 2009-2018 in model simulations, and slightly higher in reanalysis datasets (Figure S2).  

The effect of ambient temperature on mortality is characterised by location-specific exposure-
response associations (18). We calculated the exposure-response association between observed 
temperature and all-cause mortality using an approach applied to assess past and projected 
relationships between temperature and mortality risk in a range of settings (10, 19, 20) (Figure 
1a). We applied a distributed lag non-linear model to account for the non-linearity of the 
association and potential mortality displacement effect up to 7 days of lag (Methods). We used 
this association to estimate the temperature-attributable fraction of excess mortality, and 
calculated heat-related mortality for each day when temperatures exceeded the minimum-
mortality temperature. Heat-related mortality was quantified using observed mortality for each 
day and the relative risk corresponding to the daily temperature.  

Between 1969-2018, 6,217 (2,825-9,623, 5-95% empirical confidence interval) heat-related 
deaths occurred in the Canton of Zürich. In the counterfactual scenarios, heat-related mortality is 
4,457 (synthesis value of model and observed datasets, 1046-8051), leaving 1,712 (276-3,329) 
deaths attributable to anthropogenic climate change (Table S3). This is equal to 27.5% of heat-
related mortality and 1.4% (0.2-2.8%) of summer all-cause mortality in Zürich over this period 
(Figure 2b). Results by model and synthesis series are provided in Tables S3 and S4. 
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Previous research found that globally 0.6% of warm-season all-cause mortality (37% of heat-
related mortality) was attributable to anthropogenic climate change over 1991-2018 (0.74% and 
31.3% respectively for Switzerland) (10). Here, heat-related mortality attributable to climate 
change was calculated as the difference between growing numbers of heat-related deaths 
occurring at increasingly common high temperatures and reduced numbers of deaths occurring at 
decreasingly common moderate temperatures (the difference between the areas under the curves 
in Figure 1c). Our results show that the proportion of all-cause mortality attributed to 
anthropogenic increases in temperatures rises as attributable warming increases (Figure 2c). 

Trend attribution and accounting for adaptation 

Our results find a substantial burden of heat-related mortality attributable to climate change. As in 
previous studies, we used a single exposure-response relationship derived from all observed 
mortality and temperature series representing the average vulnerability across the study period 
(10). Using the full timeseries reduces uncertainty in the exposure-response association, 
especially in locations with a low number of observations. However, the temperature-mortality 
relationship evolves over time due to changes in demographic (21), physiological, behavioural, 
socioeconomic, and infrastructural factors (22). A long daily-mortality dataset allows the use of a 
subset of the study period to assess changes in exposure-response associations over time. We use 
these changes to estimate the effect of adaptation on heat-related mortality by dividing all-cause 
summer mortality into three subsets: 1969-1985, 1986-2003, and 2004-2018 and derived 
exposure-response associations expressed as relative risk (relative to the minimum-mortality 
temperature) for each period using daily-mean temperature observations (Figure S3).  

We compared results obtained using a single (full-period) and time-varying exposure-response 
associations. Across the full analysis period, heat-related mortality attributable to climate change 
was 1.4% of all-cause mortality with both time-varying and constant exposure-response 
associations, supporting previous approaches (10). However, using a constant exposure-response 
association underestimates heat-related mortality at the start of the timeseries, when the 
relationship between temperature and mortality risk is steeper, and overestimates heat-related 
mortality in the period since 2004, as risk was reduced due to adaptation, as detailed below 
(Figure 2a, Figure S3). 

We quantify the effects of changing exposure and vulnerability of populations by using time-
varying exposure-response associations to compare mortality in scenarios in which the exposure-
response relationship derived for 1986-2003 is applied to 2004-2018 (‘no adaptation’) and in 
which the relationship is recalculated based on observed temperature and mortality over the 
period 2004-2018 (‘adaptation’). In the ‘adaptation’ scenario, the exposure-response relationship 
reflects the changed sensitivity of the population to high temperatures over time. This could 
represent effects of changes in demographics, public health and healthcare systems, physiological 
adaptation, behaviour, access to blue and green spaces, and infrastructure. Our approach does not 
facilitate disaggregation of effects of specific measures. The Canton of Zürich has implemented 
limited measures for reducing heat impacts beyond those introduced at the Federal level (23), 
including information campaigns advising vulnerable populations on safe behaviour during 
heatwaves (24). Because population ageing in Zürich has increased vulnerability to heat (21), 
decreases in the overall sensitivity of mortality to temperature are explained by adaptation-like 
changes irrespective of whether they constitute explicit responses to heat. We refer to these 
changes as ‘adaptation’. 
Under the ‘no adaptation’ scenario, in which these changes do not take place, an additional 738 
deaths occurred over 1969-2018, relative to the ‘adaptation’ scenario when, in each case, 
mortality was calculated based on observed temperatures. The change in the exposure-response 
relationship from 2004 onwards thus caused a 11% reduction in mortality over the period 2004-
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2018 relative to the mortality expected in the absence of these changes (Table S5). In both 
adaptation and no-adaptation scenarios, heat-related mortality attributable to climate change rose 
throughout the study period, with adaptation limiting this increase (Table 1, Figure 2c). 

Our results suggest that, at least for Zürich, adaptation can reduce the burden of mortality 
associated with high temperatures. These results contrast with previous research that compared 
exposure-response associations for successive periods of time to evaluate England’s heatwave 
plan and found very little change in the temperature-risk relationship following its introduction 
(25). Nevertheless, substantial climate-change-attributable heat-related mortality continues to 
occur in Zürich. Under both ‘adaptation’ and ‘no-adaptation’ scenarios, attributable heat-related 
mortality constitutes an increasing portion of all-cause summer mortality at higher levels of 
regional warming (Figure 2c). 

Attributable mortality within and outside heatwave periods 

Previously-published methods could quantify heat-related mortality during heatwave periods 
alone (11, 26), across full summers (12) or assess climate trends over extended periods (10). 
Probability-based assessments of heat-related mortality described above are applied to quantify 
impacts of climate change on heat-related mortality during events of limited duration. Our 
approach to estimating counterfactual temperatures provides fungible results for both periods of 
extreme conditions and long-term analysis allowing long-term trend attribution to be aligned with 
an event attribution framework. This allows us to quantify the relative portion of heat-related 
mortality attributable to anthropogenic climate change within and outside of heatwave periods.  

We apply this approach to Zürich. To assess heat-related mortality within and outside of 
heatwaves, we limited our analysis to the summer of 2018 and quantified heat-related mortality 
based on observed and counterfactual temperatures. Existing research found that human influence 
increased the intensity and likelihood of different aspects of the summer 2018 heatwave in Europe 
(27, 28).  

Across the summer of 2018, we estimate that 86 (55-114, 5-95% empirical confidence intervals) 
of 208 (114-304, 5-95% empirical confidence intervals) heat-related deaths in the Canton of 
Zürich are attributed to anthropogenically-driven temperature rise (i.e., 41%), based on the 
temperature-mortality relationship derived for 2004-2018. We define the heatwave period as 29 
July – 10 August, the period of highest temperatures. Across these 12 days (13% of summer), 83 
(46-115) heat-related deaths occurred, with 22 (-3-46) attributable to climate change (27% of 
heat-related deaths, Figure 3). 

Because the temperature-mortality relationship is steepest at high temperatures, absolute values of 
climate-change-attributable heat-related mortality are highest on the hottest days. However, on 
days that are cooler but still above the minimum mortality temperature, climate change accounts 
for a larger proportion of the difference between the observed and minimum-mortality 
temperature than on hot days, and therefore a higher proportion of heat-related deaths. Our 
findings provide an empirical demonstration that climate change increases heat-related mortality 
on almost all summer days, and that while mortality peaks during heatwaves, heat-related 
mortality attributable to climate change also occurs outside of heatwaves. 
 

Discussion  
 

Our climatological and epidemiological analyses yield three main findings. First, in the Canton of 
Zürich, 1,712 summer heat-related deaths were attributed to anthropogenic climate change in 
1969-2018. Previous research found that 90% of victims of heat-related mortality in Switzerland 
were 80 years old or older (21). Second, temperature-mortality relationships were sensitive to 



7 
 

adaptation. As daily temperatures increase, adaptation counteracted some heat impacts. Zürich 
enjoys advantages in its capacity to adapt to heat effects over many heat-exposed locations 
worldwide due to housing quality, high-quality health and social services, and economic 
prosperity. Nevertheless, substantial heat impacts were still observed. Empirical evidence for the 
effectiveness of adaptation is limited (29). The results above provide improved understanding of 
the effectiveness of adaptation that could support policy and practice in future. Implementing 
adaptation measures may incur costs in addition to the benefits detailed here, although these were 
beyond the scope of our analysis. 

Third, heat-related mortality occurs at highest rates at the hottest temperatures. However, outside 
of heatwaves, the proportion of summer mortality attributable to anthropogenic climate change is 
higher (27% during the heatwave, versus 41% across summer 2018): climate change amplifies 
mortality throughout warm seasons. Analyses that focus on heatwaves alone will not capture the 
full effect of anthropogenic climate change on heat-related deaths.  

We found that an average of 19 heat-related deaths attributable to anthropogenic climate change 
occurred each summer in 1969-1985, rising to 48 per summer since 2004. A simple method for 
allocating contributions to impacts that is commonly used in legal settings is the ‘market-share 
approach’ that estimates individual entities’ contributions to losses as the product of the entity’s 
proportional contribution to greenhouse gas emissions and the magnitude of the attributable 
impact (7). Applying this approach here indicates that cumulative greenhouse gas emissions of 
each of the top six highest-emitting investor and state-owned companies (30) caused, on average, 
at least one additional death per summer in Zürich since 2004 (estimates for 1969-2018 are 
provided in Table S6). Similar findings would be expected for many other locations worldwide. 

To conduct these analyses, we refined approaches for attributing health impacts to climate change 
and explained that probability and intensity-based framings have different application depending 
on the relationship between climatic hazards and their impacts. While the method described here 
does not require additional data relative to the approach described in ref. (10), our analyses 
require data that are not available worldwide, including daily all-cause mortality and temperature 
observations. Limited availability and quality of granular health data and long-term climate 
observations present challenges for deriving location-specific relationships between climate 
variables and health outcomes, or in evaluating human influence on these climate variables. 

Our results are consistent with previous analyses (10), demonstrate the scale of impacts already 
occurring because of observed climate change, and indicate the risk of worsening impacts under 
further warming, with global implications. The approach described can be applied elsewhere or 
adapted to evaluate the effect of climate change on other health risks. The methods employed here 
could be adapted to make greater use of reanalysis data in lieu of direct meteorological 
observations and estimating exposure-response associations based on available health data in 
conjunction with socioeconomic, institutional, climatological, demographic, and environmental 
information. These alterations could support evidence-based adaptation to climate change impacts 
on health, which disproportionately affect vulnerable groups, such as those living in poverty and 
urban areas (31). These methods could also be refined to assess the effect of climate change on 
other health or economic impacts. 
 

Materials and Methods 

 
Experimental Design 

 

Climatological analysis 
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Methodological choices for climate change impact attribution. Meteorological 
attribution studies typically assess both the change in intensity attributable to human-influence on 
the climate for an event of given probability, or the change in probability of exceeding a threshold 
value. Previous studies assessed the health or economic impacts of climate change as the product 
of total impacts (for instance, heat-related deaths) and the fraction of the event likelihood 
(referred to as the ‘Fraction of Attributable Risk’, or ‘FAR’) for which anthropogenic climate 
change is responsible (12, 13, 32, 33). FAR quantifies the portion of the probability of exceeding 
a threshold event magnitude that is attributable to anthropogenic climate change. As such, FAR 
may effectively quantify the effects of climate change when there is a threshold in the impact 
magnitude such that below-threshold climate hazards do not cause impacts. 

 
However, as noted in the main text, if impacts increase continuously with the magnitude 

of the hazard, FAR-based assessments do not capture the effect of climate change on impacts 
occurring below the chosen threshold. Earlier, we explain that above the optimum, or minimum-
mortality, temperature, heat-related mortality increases at progressively higher temperatures (10). 
Therefore, quantifying the attributable mortality as the difference between mortality associated 
with observed temperatures and the temperatures that would have occurred in the absence of 
climate change most accurately captures the effects of climate change on heat-related mortality. 

 

Constructing the counterfactual temperatures. To derive the counterfactual 
temperature timeseries, we applied the extreme event attribution framework described in refs (8, 
34). The objective was to calculate the change in daily-mean temperature attributable to 
anthropogenic climate change for each day of the study period and subtract these values from 
observed temperatures, generating a counterfactual timeseries. 

 
For each day of the study period, we calculated the return time of the temperatures in the 

observations. We do so by first detrending the observed temperatures by regressing against 4-yr 
smoothed global-mean surface temperature (GMST) using the NASA-GISS temperature dataset 
(35). We then fitted the detrended temperatures to logistic distribution that represent the 
distribution of temperatures in the 30-year period centred on the year in question, or for data near 
the end of the timeseries, the longest period that could be centred on the day in question. This 
ensures that the estimated return times of daily temperatures are consistent with the climate in 
which they occurred. We note that years near the end of the timeseries will be more affected by 
internal variability due to the shorter period used to estimate the mean of the temperature 
distribution.  

 
The logistic distribution was chosen by fitting the detrended observed daily-mean 

temperatures with seasonal cycle removed (by subtracting the 30-day moving mean) to commonly 
used statistical distributions and applying the Anderson-Darling and Kolmogorov-Smirnov tests 
to identify the distribution that gave the best fit to the data. The statistical distributions attempted 
were the Generalised Extreme Value (GEV), Logistic, Normal, Rayleigh, and t Location Scale 
distributions. The seasonal cycle was reinstated through the use of observations for the factual and 
in constructing the counterfactual temperatures. 

 
We then calculated the change in daily-mean temperature attributable to anthropogenic 

climate change as the difference between the modelled daily-mean temperatures in the present 
(1989-2018) and counterfactual climates (𝑇̅𝑛𝑎𝑡) in climate-model and observation-based 
(reanalysis) simulations. The temperatures under historical and historical-natural conditions were 
estimated as the temperatures with the same return time as the temperature of the same day in the 
observations. Model and reanalysis temperatures are taken from the grid cell containing Zürich; 
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for the model temperatures, these are taken from an 18-member ensemble of CMIP6 models 
detailed in Table S1. First, the difference in temperature caused by the difference between the 
mean elevation of the model grid cell and the station observations is corrected for using a lapse 
rate of -6.5 °C km-1, consistent with summer lapse rates found elsewhere in the European Alps 
(36, 37). We then detrended the model and observation-based temperatures by regressing against 
each model’s GMST and fit the resulting timeseries to the same statistical distribution as the 
observations. The distribution was shifted over time such that it reflected the temperatures of the 
30-year period centred on the year in question. 

 
We evaluated the models to assess whether the statistics of extreme heat in the models 

were consistent with those in the observations by comparing the scale and shape parameters of 
each of the model fits with that of the observations. Following ref. (8), the models for which the 
5-95% confidence intervals of these parameters of the statistical fits overlapped with the 5-95% 
confidence intervals of the parameters of the observations, were initially selected for use in the 
analysis. Since only one model passed this evaluation step, and it is preferable to include multiple 
models to better account for systematic uncertainty in the model representation of the climate 
system, due to model structural biases and differing representations of physical processes, we 
expanded the range of parameter values used to evaluate models slightly (by 5% relative to the 5 
and 95% confidence intervals). This increased the number of models passing the evaluation step 
to seven. All seven selected models produce warming attributable to human influence that, at the 
end of the series lie within the range of the observation-based datasets (Figure S2). 

 
We then calculated the attributable change in temperature for each day of the heatwave in 

all models that pass the evaluation step. We used the CMIP6-model ensemble to simulate the 
distribution of daily temperatures in the historical period and in the absence of anthropogenic 
greenhouse-gas and aerosol emissions. We used daily output from historical (1850-2014) and SSP 
5-8.5 (2015-2050) runs as transient simulations. For models for which both transient and 
historical-natural simulations (from the Detection and Attribution Model Intercomparison Project, 
DAMIP (38)) were available, the attributable change in temperature was calculated as the 
difference between the temperatures in the two sets of simulations, for return times equal to those 
in the observations. The return times of model temperatures were calculated using the same 
approach taken for the observations, with return times calculated based on a distribution 
representing the 30-year period centred on the year in question. 

 
For the models for which historical-natural simulations were unavailable, the transient 

simulations were used and the distribution of daily-mean temperatures in the absence of human 
influence estimated by shifting the mean of the temperature distribution by the product of the 
change in GMST attributable to anthropogenic climate influence and a scaling factor. Global-
mean human-induced warming is taken from the Global Warming Index, an estimate of the 
anthropogenic contribution to global externally-forced temperature change (39). The scaling 
factor is dataset and region-specific and is the regression co-efficient (𝛼) calculated in detrending 
the model/observational temperature data, which is the ratio between the gradients of local 

temperature observations and (4-yr smoothed) GMST from NASA-GISS (35) (𝛼 = 𝑑𝑇𝑜𝑏𝑠 𝑑𝑡⁄𝑑𝑇𝐺𝑀𝑆𝑇 𝑑𝑡⁄ ). 

The same approach was also applied to the station observations and three climate reanalysis 
datasets: the Modern-Era Retrospective analysis for Research and Applications, Version 2 
(MERRA-2) (40), Berkeley Earth Surface Temperature Project (41), and ERA5 (42, 43). These 
two methods for calculating counterfactual temperatures are both commonly used in attribution 
studies when historical-natural simulations are available for some models but not others (8). 
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The regression-based method used for timeseries for which historical-natural simulations 
were unavailable can effectively account for the effect of anthropogenic influence on the climate 
on multi-decadal to centennial scales, it does not account for interdecadal variability. 
Consequently, this approach does not capture short-term influences on region-specific warming, 
such as lowered central European temperatures in the 1970s due to anthropogenic aerosol 
emissions (44, 45) and so may overestimate temperature anomalies attributable to anthropogenic 
influence in this period, as seen in Figure S2. 

 
This approach is also based on two assumptions. First, using GMST as a covariate to 

represent anthropogenic influence on local temperatures assumes that the long-term proportional 
contributions of anthropogenic and natural forcing to temperature change are equal at local and 
global scales, and therefore that there are no independent local factors that could create century-
scale local climate trends. Such factors might plausibly include local changes in albedo due to 
land-cover alterations over the past 150 years. This is a widely-applied assumption in climate 
change attribution studies (8). Therefore, we adopt this assumption here. Second, a common 
assumption in climate change attribution studies is that the trend in temperature extremes shifts 
with GMST, and that the scale parameter of the temperature distribution is unchanged over time. 
This is well supported for studies using large ensembles of model simulations (8). Nevertheless, 
we tested this assumption by evaluating the sensitivity of attributable mortality to the values of 
the scale parameter. We iteratively fit 30-yr windows of detrended data to the statistical 
distribution and found that mortality is unchanged (<0.01% change) for a 1 standard deviation 
shift in the values of the parameters. 
 

Epidemiological analysis 

 
Our epidemiological analysis largely replicates the approach applied by Vicedo-Cabrera et 

al. (2021) (10) where the methods are described in full, with an important methodological 
adaptation. Instead of calculating mortality based on factual and counterfactual climate-model 
simulations, and mean mortality for each day of the warm season, we calculated heat-related 
mortality based on observed (summer) mortality and temperatures. This gives greater confidence 
in our estimation of absolute values of heat-related mortality (Table S3) and allows us to account 
for changes in population. The values in Table S4 show the proportion of all-cause summer 
mortality attributable to the impact of anthropogenic climate change on summer temperatures, and 
are therefore unaffected by population change. We calculated counterfactual mortality using the 
counterfactual temperatures generated as described in the climatological analysis section, above. 

 
Here we provide a brief overview of the epidemiological methods applied, noting 

elements of the methods specific to our study. We estimated the temperature-mortality 
relationship by conducting a time-series analysis with generalised linear models and quasi-
Poisson regression using observed daily-mean temperature and mortality data during summer 
months (June-August)(10). We modelled the temperature-mortality dependency with a distributed 
lag non-linear model that simultaneously accounts for delayed effects and non-linearity of the 
association, typically found in temperature-health studies. Specifically, the exposure-response 
dimension was defined with a natural spline with two internal knots placed in the 50th and 90th 
percentile of the summer temperature distribution. The lag-response dimension also included a 
natural spline with two internal knots equally spaced in the log scale and up to 7 days of lag. The 
time-series model included a natural spline of day of the year with 4 degrees of freedom and an 
interaction by year, and a natural spline of time with 1 knot every 10 years to control for both 
seasonality and long-term trends. The specifications of the time series model and the definition of 
the cross-basis function of temperature are the ones described in Vicedo-Cabrera et al. (2021) and 
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have been extensively used in previous assessments (10, 15, 46, 47). We did not control for air 
pollution and/or humidity since previous assessments suggested that the role of these variables as 
confounders was negligible (15, 48).  The analysis was performed across the whole study period 
(June-August 1969-2018) to obtain the overall temperature-mortality association, and by 
subperiod to obtain the corresponding association estimates.  
 

We quantified the mortality attributed to heat using the observed mortality and the risk 
estimate corresponding to the mean temperature each day, for the observed and counterfactual 
series, using the method described elsewhere (49). Previous epidemiological research showed that 
deriving such associations using time-series analysis of daily-mean temperatures and daily all-
cause mortality effectively describes climatic influence on mortality (15, 50). We then sum the 
daily temperature-related deaths of the days when mean temperature (both in the observed and 
counterfactual series) was above the temperature of minimum mortality (i.e., temperature value 
for which the mortality risk is minimum). In doing so, we considered the risk contribution of the 
preceding 7 days, following findings that the effect of heat on mortality lasts for up to a week (24, 
51). We derived ensemble estimates for the counterfactual scenario as the average across 
mortality in each counterfactual temperature timeseries. We quantified the uncertainty of the 
estimates by generating 1,000 samples of the coefficients defining the exposure-response 
association through Monte Carlo simulations, assuming a multivariate normal distribution. We 
derived the 95% empirical confidence intervals (eCI) from the resulting distribution, 
corresponding to the 2.5th and 97.5th percentiles. The eCI of the ensemble estimates of the 
counterfactual scenarios (i.e., by averaging across the single-series estimates) were estimated by 
combining the single-series distributions. Thus, in this way we account for both uncertainty of the 
exposure-response function and the variability across the different counterfactual series. 

 
The mortality attributable to human influence is then quantified as the difference between 

the observed mortality due to heat (i.e., using the data from station observations) and the 
corresponding burden estimated with the counterfactual series. The computation was performed 
across the whole study period, by subperiods and during summer 2018 and the 12 days of the 
heatwave in that summer. Daily-mean temperature is widely used as a determinant of heat 
exposure in calculating temperature-mortality relationships (9, 10, 15, 52). 
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Figure 1: Exposure-response association for the Canton of Zürich, and probability 

density functions for temperatures under factual and counterfactual conditions, and 

the resulting distribution of mortality rates. (A) exposure-response association 
calculated using observed temperature and mortality data for 1969-2018, and the 5-95% 
empirical confidence intervals (shaded area). (B) PDFs of observed temperatures and a 
synthesis of model and observation-based counterfactual temperature timeseries 
(Methods). (C) Proportion of heat-related mortality occurring at different temperatures. 
The vertical dashed line shows the minimum mortality temperature. 
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Figure 2: Heat-related mortality attributable to anthropogenic climate change for 

the Canton of Zürich. (A) heat-related mortality as a % of all-cause summer mortality for 
1969-2018 (overall exposure-response and ‘adaptation’ scenario only) and for each of the 
three time periods considered in the analysis. The ‘no-adaptation’ and ‘adaptation’ 
scenarios were identical for 1969-1985 and 1986-2003 so only ‘adaptation’ is shown. (B) 
as in panel A but showing the heat-related mortality attributable to climate change, with 5-
95% empirical confidence intervals. (C) the relationship between the regional temperature 
anomaly attributable to anthropogenic climate change (for Zürich) and the attributable 
heat-related mortality as a percentage of all-cause summer mortality for the ‘adaptation’ 
(red) and ‘no-adaptation’ scenarios (violet). The trend lines are calculated as a natural 
spline with 3 degrees of freedom, which produced the best fit to the data of the fits 
attempted (linear, and natural spline with 3, 4 and 5 degrees of freedom). Dashed lines 
show the continuation of the fit at temperature anomalies for which no data are available. 
We note that the ‘no-adaptation’ scenario only excludes the change in exposure-response 
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association between 1986-2003 and 2004-2018, and that further adaptation would be 
expected to occur in response to further warming, reducing the sensitivity of mortality risk 
to temperature. The shaded area represents the 5-95% confidence intervals of the trend. 
All values given are the synthesis values of all models and observation-based datasets. 
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Figure 3: Observed daily-mean temperatures (black) and heat-related mortality (red 

bars) showing the portion attributable to anthropogenic climate change (dark red) 

for the Canton of Zürich, June – August 2018. Daily heat-related deaths are represented 
by the height of the bar, with the dark red segment corresponding to the number of daily 
deaths attributable to climate change.  
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Scenario 

Mean annual heat-related mortality attributable to 

anthropogenic climate change 

1969-1985 1986-2003 2004-2018 

Adaptation 19 (-24-48) 38 (1-80) 48 (22-94) 

No-adaptation 19 (-24-48) 38 (1-80) 59 (30-110) 

Single exposure-

response 
16 (-18-35) 34 (1-70) 49 (30-98) 

Table 1: Mean annual heat-related mortality attributable to anthropogenic climate 

change for the three periods considered in the analysis and for the three exposure-

response scenarios. In the ‘adaptation’ scenario, a time-varying exposure response 
association was calculated based on observed temperatures and mortality for each of the 
three periods. In the ‘no-adaptation’ scenario, the exposure-response association for 1986-
2003 from the ‘adaptation’ scenario was also used for 2004-2018. In the ‘single exposure-
response’ scenario, the exposure-response association was calculated based on observed 
mortality and temperature data from the full period (1969-2018). Central estimates and 5-
95% confidence intervals were provided for the mortality values. 
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Fig. S1. 

Daily all-cause mortality and daily-mean temperatures for the historical (red) and 

counterfactual (orange) scenarios based on the method applied in this study (solid lines) and 

the approach taken by Vicedo-Cabrera et al. (2021; dashed lines) (10) and for the CMCC-
ESM2 model in each case. The dashed lines show historical and historical-natural data from the 
CMCC-ESM2 model simulations, bias corrected using the same statistical approach (53) applied 
in ref (10). 
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Fig. S2. 

Temperature anomaly attributable to anthropogenic climate change for 1969-2018 in 

climate-model timeseries, reanalysis and station observations. Temperature anomalies are the 
difference between factual and counterfactual timeseries in each of the observed and model 
datasets, based on a baseline period of 1989-2018. Observation-based (reanalysis and station 
records) data are shown as dashed lines, whereas model data are presented as solid lines. The 
negative anomaly seen in two of the model timeseries during the early portion of the displayed 
data (ACCESS-CM2 and MRI-ESM2-MM) is explained in Methods (‘Constructing the 
counterfactual temperatures’). By the end of the study period, all models’ attributable temperature 
anomalies lie within the range of the observation-based datasets. 
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Fig. S3. 

Exposure-response associations derived from observed daily-mean temperature and 

mortality, for 1969-1985, 1986-2003, and 2004-2018. 5-95% empirical confidence intervals are 
represented by the shaded areas. 
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Table S1. 

CMIP6 models used in analysis showing those selected in the evaluation step and those 

excluded following evaluation. 
 

Models selected in analysis Non-selected models 

ACCESS.CM2 ACCESS-ESM1-5 

AWI-CM-1-1-MR CESM2 

CESM2-WACCM CEMCC-CM2-SR5 

CMCC-ESM2 FGOALS-g3 

MPI-ESM1-2-LR GFDL-ESM4 

MRI-ESM2.0 INM-CM4-8 

NorESM2-MM INM-CM5-0 

 MIROC6 

 MIROC-ES2L 

 NorESM2-LM 

 TaiESM1 
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Table S2. 

Detailed information for the climate models used for analysis in study. 

 

Climate model Institute 

Spatial resolution 

(# of grid 

longitude by 

latitude) 

Experimental 

ID used 

ACCESS-CM2 

CSIRO (Commonwealth Scientific and Industrial 

Research Organisation, Australia), ARCCSS (Australian 

Research Council Centre of Excellence for Climate 

System Science) 

192 x 144 

historical 

SSP5-8.5 

hist-nat 

AWI-CM-1-1-MR 
Alfred Wegener Institute, Helmholtz Centre for Polar 

and Marine Research, Germany 
384 x 192 

historical 

SSP5-8.5 

CESM2-WACCM 

National Center for Atmospheric Research, Climate 

and Global 

Dynamics Laboratory, USA 

288 x 192 
historical 

SSP5-8.5 

CMCC-ESM2 

Fondazione Centro Euro-Mediterraneo sui 

Cambiamenti Climatici, 

Italy 

288 x 192 
historical 

SSP5-8.5 

MPI-ESM1-2-LR 

Max Planck Institute for Meteorology, Alfred 

WegenerInstitute, Deutsches Klimarechenzentrum 

and DeutscherWetterdienst, Germany 

192 x 96 
historical 

SSP5-8.5 

MRI-ESM2-0 
Meteorological Research Institute, Tsukuba, Ibaraki 

305-0052, Japan 
320 x 160 

historical 

SSP5-8.5 

hist-nat 

NorESM2-MM 

NorESM Climate modeling Consortium consists of 

CICERO, MET-Norway, NERSC, NILU, UiB, UiO and 

UNI, Norway. 

288 x 192 
historical 

SSP5-8.5 
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Table S3. 

Heat-related mortality attributable to anthropogenic climate change for each model and 

observation-based dataset, 1969-2018. 

 
Dataset (model run or 

reanalysis) 
Central estimate 

Confidence interval 

(lower) 

Confidence interval 

(upper) 

ACCESS.CM2 954 761 1140 

AWI.CM.1.1.MR 1683 1339 2011 

CESM2.WACCM 1585 1262 1893 

CMCC.ESM2 1638 1304 1957 

MPI.ESM1.2.LR 1306 1042 1555 

MRI.ESM2.0 322 178 473 

NorESM2.MM 1902 1512 2279 

Station observations 1048 835 1243 

ERA5 2746 2105 3329 

Berkeley Earth 2613 2014 3157 

MERRA2 3065 2325 3738 

Observations synthesis 2363 914 3548 

Model synthesis 1339 253 2104 

Full synthesis 1712 276 3329 
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Table S4. 

Fraction of all-cause summer (June-August) mortality attributable to the impact of 

anthropogenic climate change on temperatures, 1969-2018.  

 

Dataset Central estimate 
Confidence interval 

(lower) 

Confidence interval 

(upper) 

ACCESS.CM2 0.79 0.63 0.94 

AWI.CM.1.1.MR 1.39 1.11 1.66 

CESM2.WACCM 1.31 1.04 1.57 

CMCC.ESM2 1.35 1.08 1.62 

MPI.ESM1.2.LR 1.08 0.86 1.29 

MRI.ESM2.0 0.27 0.15 0.39 

NorESM2.MM 1.57 1.25 1.88 

Station observations 0.87 0.69 1.03 

ERA5 2.27 1.74 2.75 

Berkeley Earth 2.16 1.67 2.61 

MERRA2 2.53 1.92 3.09 

Observations synthesis 1.95 0.76 2.93 

Model synthesis 1.11 0.21 1.74 

Full synthesis 1.42 0.23 2.75 
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Table S5. 

Heat-related mortality calculated using the single exposure-response association (derived 

from all observed temperatures and mortality) and the time-varying exposure-response 

associations for the ‘adaptation’ and ‘no-adaptation’ scenarios. As described in the main text, 
the exposure-response association calculated for 1986-2003 is also applied to 2004-2018 in the 
‘no-adaptation’ scenario. Bracketed values are the 5-95% empirical confidence intervals. 
 

 
Single exposure-

response 
Adaptation No-adaptation 

Heat-related mortality (historical) 6217 (2825-9623) 6004 (2922-8694) 6742 (3696-9433) 

Heat-related mortality 

(counterfactual) 
4457 (1046-8051) 4236 (1618-7273) 4809 (2054-7970) 

Attributable heat-related mortality 1712 (276-3329) 1725 (124-3623) 1890 (200-3875) 

Heat-related mortality (% of all-cause 

mortality) 
5.1 (2.3-8.0) 5 (2.4-7.2) 5.6 (3.1-7.8) 

Counterfactual heat-related mortality 

(% of all-cause mortality) 
3.7 (0.9-6.7) 3.5 (1.3-6.0) 4 (1.7-6.6) 

Attributable heat-related mortality 

(% of all-cause mortality) 
1.4 (0.2-2.8) 1.4 (0.1-3.0) 1.6 (0.2-3.2) 

Attributable portion of heat-related 

mortality (%) 
27.5 28.7 28 
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Table S6. 

Cumulative 1854-2010 scope 1,2, & 3 emissions attributable to the ten highest-emitting 

investor- and state-owned companies, the proportion of historical anthropogenic greenhouse 

gas emissions attributable to these actors, and the estimated heat-related mortality 

attributable to each company for the Canton of Zürich over 1969-2018. Historical emissions 
data are sourced from ref. (30). 
 

Company 
Cumulative emissions 

1854-2010 (GtCO2e) 

Percent of global 

anthropogenic emissions 

(1751-2010) 

Attributable heat-related 

mortality, Zürich 1969-

2018 

Chevron 51.1 3.52 61 

ExxonMobil 46.7 3.22 56 

Saudi Aramco 46.0 3.17 55 

BP 35.8 2.47 43 

Gazprom 32.1 2.22 38 

Royal Dutch / Shell 30.8 2.12 37 

National Iranian Oil 

Company 
29.1 2.01 35 

Pemex 20.0 1.38 24 

Conoco Philips 16.9 1.16 20 

Petroleos de Venezuela 16.2 1.11 19 

 
 


