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Evaluating forecasts for high-impact weather events

Sam Allen!??, Jonas Bhend?, Olivia Martius >, Johanna Ziegel'

nstitute of Mathematical Statistics and Actuarial Science, University of Bern, Bern, Switzerland
2Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland
3Federal Office of Meteorology and Climatology (MeteoSwiss), Zurich, Switzerland
Hnstitute of Geography, University of Bern, Bern, Switzerland

The impacts associated with adverse weather and climate conditions are well-documented. To miti-
gate these impacts, operational weather services issue warnings that inform the general public when
hazardous conditions are expected, and outline what action should be taken to minimise the associated
risks. For these warnings to be useful, weather services require accurate and reliable predictions for high-
impact weather events. Methods to evaluate forecasts for these high-impact events can therefore play an
integral role when developing warning systems. However, evaluating forecasts for extreme events is
known to be a challenging task [1], and this is exacerbated further by the fact that high-impact weather
often manifests as a result of several confounding features, a realisation that has motivated considerable
recent research on so-called compound weather events. Both univariate and multivariate methods are
therefore required to evaluate forecasts for high-impact weather.

Traditionally, the accuracy of weather forecasts is measured using scoring rules. Scoring rules condense
all information regarding forecast performance into a single value, providing a convenient framework
with which to objectively rank and compare competing forecasts [2]. In this work, we review weighted
scoring rules, which allow particular outcomes to be emphasised during forecast evaluation in a theo-
retically desirable way, and we demonstrate how these can be used to verify forecasts for high-impact
weather events. We compare approaches to construct weighted scoring rules, and exploit recent theoret-
ical developments [3] to apply these scores in a multivariate setting. These results are then leveraged to
introduce additional approaches that target high-impact events during forecast evaluation; in particular,
we introduce graphical diagnostic checks that alert forecasters to systematic errors in their predictions
that are associated with the occurrence of high-impact events.

To illustrate the practical benefit afforded by these weighted verification tools, they are employed in a
case study to evaluate forecasts for extreme heat events issued by the Swiss Federal Office of Meteorol-
ogy and Climatology (MeteoSwiss). Extreme heat provides a salient example of a compound weather
event: while short and intense periods of extreme heat can have serious implications for human health
(among other things), persistent hot periods further strain the human body by inhibiting its ability to
recover, and MeteoSwiss regularly issue heat warnings to help mitigate the impacts of these events. Us-
ing these novel methods for forecast evaluation, we find that established forecasting methods exhibit
deficiencies when interest is on high-impact events. This opens the door for future studies on how these
evaluation methods can be utilised in order to improve forecasts for extreme or compound weather.

References

[1] S. Lerch et al., Forecaster’s dilemma: Extreme events and forecast evaluation, Statistical Science
32,106 (2017), 10.1214/16-STS588.

[2] T. Gneiting, A. Raftery, Strictly proper scoring rules, prediction, and estimation, Journal of the
American Statistical Association 102, 359 (2007), MR2345548.

[3] S. Allen et al., Evaluating forecasts for high-impact events using transformed kernel scores.
Preprint. Available at https://arxiv.org/abs/2202.12732.
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Heavy precipitation events in the Atacama, the driest place on Earth

Moshe Armon', Heini Wernli?

Hnstitute for Atmosphere and Climate Science, ETH Zurich, Zurich, Switzerland

Years can pass by with no significant rainfall in many places across the Atacama Desert [1]. Yet, when
rain is precipitating it can have tremendous effects. The desert is situated next to the cold pacific ocean,
and in the rain Shadow of the Andes Mountains. Given the low amount of rainfall and the low number
of observations, the characteristics of rainfall during heavy precipitation events were seldomly analyzed
[2].

In this study, we (a) use a high-resolution satellite remote sensing rainfall data (IMERG), to identify
thousands of heavy precipitation events over the past 21 years (Fig. 1), (b) characterize rainfall properties
during these events, and (c) identify the governing atmospheric conditions on days of heavy precipitation,
using meteorological reanalysis (ERAS) data.

Heavy precipitation events occur throughout the Atacama. Preliminary analyses indicate that the
events with the largest volume of rainfall have distinct features, depending on the region: northern
Atacama events are the most frequent, and happen mainly in summer from localized convection. These
events are characterized by a high pressure anomaly to the south of the Atacama, and surprisingly low
surface temperatures. Conversely, winter events occur on the southern part of the desert, and are related
to large scale atmospheric circulation patterns. They generally happen in relation to upper tropospheric
low pressure anomalies and higher than normal sea surface temperature. The high-resolution datasets
we use enable us to characterize small-size events, with substantial implications at the local scale, which
can help to cope with natural hazards.

Figure 1: Frequency of identified heavy precipitation events in the Atacama desert; Data from high-resolution satellite remote
sensing (IMERG; 2000-2021). Please note the north eastern Atacama hotspot (summer events) and the southern Atacama
(winter events).
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Countries most exposed to individual and compound extremes at different global
warming levels

Fulden Batibeniz!, Mathias Hauser!, Sonia I. Seneviratne!

nstitute for Atmospheric and Climate Science, Department of Environmental Systems Science, ETH Zurich, Zurich,
Switzerland

Abstract

It is now certain that human-induced climate change is increasing the incidence of extreme temperature,
precipitation and drought events globally. A critical aspect of these extremes is their concurrency that
may result in substantial impact on society and environmental systems. Therefore, quantifying com-
pound extremes in current and projected climate is necessary to take measures and adapt to future chal-
lenges. Here we investigate pre-industrial and projected changes of individual and concurrent extremes
using multi-model simulations of the 6th phase of the Coupled Model Intercomparison Project (CMIP6).
We focus on individual and simultaneous occurrence of extreme events: heat wave, drought, maximum
1-day precipitation (Rx1day) and extreme wind (wind) in the pre-industrial period (1850-1900) and at
four global warming levels (GWLs of +1°C, +1.5°C, +2°C and +3°C). We find that, on a global scale,
most investigated individual extremes become more frequent and affect more land area for higher GWLs.
This increase differs depending on the considered months and implies both unprecedented shifts in tim-
ing and disproportional increases in frequency of concurrent events for different climate regions. As a
result, concurrent occurrences of the investigated extremes become 2.7 to 8.1 times more frequent for a
GWL of 3°C. At +3°C the most dramatic increase is identified for concurrent heat wave-drought events
with an eight-fold increase in subtropical countries, a seven-fold increase in northern middle and high
latitude countries, and a five-fold increase in tropical countries, respectively. Our results also suggest that
years without any individual events will decrease six-fold while the number of years with two concurrent
events will double. Given the projected disproportional frequency increases across GWLs and decreas-
ing non-event years, our results strongly emphasize the risks of uncurbed greenhouse gas emissions.

Introduction

The socio-economic impacts of individual and concurrent extremes are accelerating as the climate
changes [1]. The intervals between extremes are becoming shorter which puts vulnerable communi-
ties and ecosystems at risk. In addition, while most countries are affected by climate extremes, some
economies such as in south and southeast Asia are more vulnerable than advanced economies in the
northern hemisphere [2]. These emerging challenges motivate the need for a comprehensive analysis
of potential changes in exposure to individual and concurrent extremes on the population- and country-
level. In this study, we investigate the individual occurrences of heat waves, droughts, extreme precipi-
tation and extreme wind as well as compound heat wave-drought, and extreme precipitation and extreme
wind events, all of which can have severe impacts on different sectors. The first combination - heat
wave-drought - influences wildfire, crops, natural vegetation, power plants and fisheries [4]. The second
combination - extreme wind and precipitation - can cause storm surges, floodings, runoff, and result in
the destruction of infrastructure and damage to the economy. Building on previous work on projected
changes in compound extreme events, we investigate here for the first time the human exposure to these
concurrent extremes in addition to individual extremes. We do so in a manner consistent with the 6th
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR6) framework by an-
alyzing the projections for different global warming levels (GWLs, +1°C, +1.5°C, +2°C and +3°C) on
country and regional scales. We analyze simulations from 17 climate models from the CMIP6 archive to
investigate the occurrence of individual and compound events under natural climate variability and fu-
ture global warming. To estimate exposure, we use current population estimates provided by the Gridded

15



Population of the World version 4 (GPWv4) data set (Center for International Earth Science Information
Network - CIESIN - Columbia University, 2018). Together, the use of climate change projections and
population distributions enables the investigation of changes in the exposure to climate extremes at the
regional and country levels.

Conclusions

Investigating future changes in impactful individual and concurrent extremes is important to be prepared
for future climate risks. In this study, we have investigated the current state and future change of indi-
vidual and concurrent occurrences of heat wave, drought, Rx1day, wind events at global warming levels
(GWLs) of +1°C, +1.5°C, +2°C and +3°C relative to the pre-industrial period for three climate regions.
Utilizing simulations from 17 CMIP6 global circulation models allowed us to gain a robust understand-
ing of extremes in current and future climate. Our results indicate that all climate regions are under
the increasing influence of concurrent heat wave-drought events and Rx1day-wind events with higher
GWLs. Even though this change is more substantial for heat wave-drought events, Rx1day-wind events
are also on the rise. While the most prominent increase is observed in Subtropical Countries (STC)
for heat wave-drought events, it is also observed in Tropical Countries (TRC) for Rx1day-wind events.
While heat wave-drought events increased substantially, Rx1day-wind events increased less in Northern
Middle and High Latitude Countries (MHC) and STC. However in TRC both heat wave-drought and
Rx1day-wind events increased at the same rate, indicating the less variable climate in TRC. Our results
also highlight the important timing shifts in the occurrence of individual and concurrent extremes in the
future climate. Individual extreme events increase inhomogeneously across months leading to unprece-
dented frequency increases in some months in the future. Another important highlight of our study is
increasing human exposure to multivariate extremes in parallel with the decreasing number of non-event
years, even without considering the expected rise in the human population. Quantifying frequency and
timing of the individual and concurrent extremes at warming levels provides a perspective to The Paris
Agreement’s goals that pursue efforts to limit the temperature increase to +2°C [3]. Our results suggest
that there is a prevailing increase in frequency, shifts in timing of multivariate extremes from +1.5°C
to +2°C, that will likely exacerbate human exposure to these extremes. These unprecedented changes
in frequency and timing can lead to an elevated risk for the environment and society across the globe.
Therefore, our results suggest an urgent need for concrete actions to mitigate current greenhouse gas
emissions.
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Capturing future soil-moisture droughts from irregularly distributed ground
observations

Verena Bessenbacher!, Lukas Gudmundsson', Sonia I. Seneviratne!

nstitute for Atmospheric and Climate Science, ETH Ziirich, Ziirich, Switzerland

With a rapidly warming climate, future droughts are predicted to increase in frequency, duration, extent
and severity for many regions [2, 3, 4, 5], whilst uncertainty of drought predictions in CMIP6 ensembles
remains high [6]. Monitoring the occurrence of agricultural and ecological droughts (i.e. soil mois-
ture droughts), in present and future climate is therefore vital. However, available drought monitoring
products use information from soil moisture ground observations only sparsely and only for validation
[1], with a few exceptions on country level [8, 9, 17]. Since in-situ soil moisture observations are the
only observations that extend into the vegetation-relevant root-zone, are therefore often referenced as
gold standard of soil moisture observations [7], it is vital that they are more utilised in global efforts for
drought monitoring.

A central challenge of these observations included in the international soil moisture network ISMN
[1] is that they are not evenly distributed across the globe, favouring Europe and the US. The density of
the station net is below necessary densities for interpolation (141 stations per 1 Mio. km? [12, 13, 14])
for most regions of the world and never dense enough for data assimilation (30 stations per 1 Mio. km?,
[8]) (see Fig. 1), misrepresenting large areas of the globe. Installing new measurement stations is costly,
therefore placing them should focus on alleviating the problem of these underrepresented regions and
ecosystems.

Figure 1: An overview of the ISMN station network. From left to right: (1) currently active ISMN stations (black dots) and
their respective Koppen-Geiger class (colored map). (2) ISMN station densities for each AR6 region and (3) country.

We apply a statistical learning method adapted from [15] to identify under-represented ecosystems
for informing future station placement. We overlay these with maps of future drought occurrence and
drought uncertainty to scan for regions which are especially vulnerable in the future given the current
station net. The analysis is build around an up-scaling approach where a random forest model is trained
to predict soil moisture as a function of gridded atmospheric precipitation and temperature. It then
estimates soil moisture at locations without observations. For doing so we rely on the CMIP6 ensemble
as a laboratory.

First results show that strategically placing new soil moisture observation stations leads to an in-
crease in soil moisture estimates and is more efficient than other station placement strategies that rely on
geographical distance to existing stations or randomly placing stations. Doubling the stations systemat-
ically leads to an 0.3 increase in correlation of observed soil moisture anomalies globally. Tropical and
continental-boreal regions are most under-sampled, whilst also predicted to have a high drying trend in
the future and/or high uncertainty in future trends (compare [6, 16]). Our framework is therefore show-
ing the importance of expanding the soil moisture measurement net and how currently under-sampled
regions correspond to regions with high future drought risk
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Predicting Prosumers, Rebounds and (Pro-) Environmental Spillovers: The Case
of Residential Photovoltaic Systems

Patrick Bigler!?, Benedikt Janzen'?

'KPM University of Bern
20CCR - Oeschger Centre for Climate Change Research

Overview

Electricity accounts for roughly 18% of global total energy usage and still, nowadays, almost 2 out of 3
kWh are produced from fossil sources. Switzerland’s share of electricity in total energy usage is higher
with 25%, while the carbon intensity is much lower at around 5%. With growing demand from other
economic sectors such as transport, electricity usage is bound to increase further. Distributed energy is
regarded as an important contributor to increasing renewable electricity’s production share. Even though
photovoltaic instalations (PV) are increasing, the deviance between actual production and potential is
still large, as the Swiss federal institute of energy estimates PV potential to be 40 times higher than
actual production in 2019.

Private household’s PV adoption has been a topic of increasing academic relevance. In the beginning,
most empirical papers have mainly focused on the identification of factors driving the adoption (i.e.
Kwan, 2012 or Rai et al., 2016). Another central part of the policy discussion concerning renewable,
more efficient electricity production is related to so-called rebound effects. Specifically, in the context of
solar panels, if solar users’ electricity consumption is unaffected by their decision to install residential
photovoltaic systems, any PV generated electricity should reduce conventional electricity generation
1:1. However, estimates of solar rebound effects from Australia (e.g. La Nauze, 2019), the United States
(e.g., Qiu et al., 2019[4]) as well as European countries (i.e. Frondel et al., 2020[3]) are fairly consistent
across studies and range between 15%-21%.

We add to this literature in multiple ways. First, most of the literature has focused on either aggregate
data and/or survey data. In this paper, we rely on detailed household-level panel data to investigate solar
panel adoption patterns. Second, we apply state-of-the-art machine learning techniques to analyze the
adoption patterns, which allows us to prevent overfitting and compare out-of sample predictive power.
Third, to our knowledge we are the first to estimate the solar rebound effect for Switzerland.

Furthermore, we also consider the impact of residential solar panel adoption on peers’ environmental
behavior. In this paper, we draw on a salient piece of information, namely the presence of solar panels
on neighboring roofs, to investigate peer effects in environmental contributions. The presence of solar
panels on neighboring roofs can enact behavior through multiple channels. It could make climate change
more visible thus enacting pro-environmental behavior. However, it could also signal readily availabil-
ity of electricity and thus enacting higher consumption. The research closest to our work is La Nauze
(2021)[2], who investigates how installing solar panels affect neighbors’ purchases of green power. This
paper provides further evidence on the impact of residential solar panel adoption on peers’ environmen-
tal behaviour.

Methods
We use a high-resolution panel data set of 165,000 individual households in the canton of Bern, Switzer-
land spanning from 2008 to 2019. The data set has only been previously employed by Feger et al. (2021)
[1] to infer tariff and subsidy designs for policymakers to incentivize solar panel adoption. We combine
electricity consumption and price as well as information on PV installation from energy utilities with
socio-demographic information from tax fillings. Moreover, we add information on buildings, weather
data as well as estimated PV potential. We proceed in three steps: It is likely that a households’ decision
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to adopt a solar panel and its electricity consumption level are related. To overcome this potential source
of treatment assignment bias we adopt a matching approach. For each PV household, we match a similar
household who has not installed a solar panel. To estimate adoption probabilities we use our extensive
micro-data and apply state-of-the-art machine learning techniques such as penalized logistic regression.
The estimated propensity scores are used in a radius matching algorithm to match a suitable control for
every solar household.

Next we follow Qiu et al. (2019)[4] and examine the causal impact of solar electricity generation on
households‘ own electricity consumption by estimating the following equation for our matched sample:

eciy = 0epit +pr + HDDy + CDDjy + 13t + €54, (1)

where the dependent variable ec;t measures electricity consumption of household ¢ in year ¢, ep;t is solar
electricity production of household 7 in year ¢, and p;t are household-year fixed effects that control for
time-variant unobservables. For PV owners, utilities provide us additionally with feed-in electricity data
(ef). Since PV owners not only consume grid electricity at time ¢ (eg,), but also self-consume part of
their PV electricity (es;). The information on ef; is crucial to estimate rebound effects, as otherwise
consumption of solar household’s would be underestimated. H DD and C DD control for weather re-
lated electricity consumption (heating and cooling). Therefore the coefficient of interest 6 measures the
potential solar rebound effect.

In a third step, we are interested in potential spillover effects from adopting a solar panel. To do so
we estimate fixed effects regression of PV presence in the neighbourhood on electricity consumption,
propensity to purchase green electricity and propensity to install a PV.

Results

We present pre-eliminary results of our machine learning application in the following. Our models’
predictive performance is evaluated based on sensitivity, specificity, precision, and false positive rate.
Comparing the machine learning approaches to a baseline logistic regression shows that all models per-
form comparably well in terms of specificity. Lasso estimates outperform Ridge and convential logistic
regression in terms of false positive rate and precision, while logistic regression is superior in truly pre-
dicting adopters. This implies that the Lasso model predicts a positive outcome too seldom, but if it
does it is remarkably precise and almost exclusively right. Results for the solar rebound and potential
environmental spillover effects will be available by the conference’s time.

Conclusions

This paper contributes to the understanding of solar panel diffusion by applying machine learning tech-
niques to a detailed panel data set of 165,000 households in the canton of Bern, Switzerland. Although
the improvement in predictive performance using machine learning techniques is marginal, policy mak-
ers can still learn something from the results as prediciting solar panel adoption is a difficult task due to
its rare occurence. While it does not drastically improve predictive performance, using machine learning
does help improving external validity by preventing overfitting.

We provide first evidence on the impact of solar panels on consumer electricity consumption behav-
iors in Switzerland as well as potential spillover effects to neighboring households. When evaluating
the impacts of distributed solar panel adoption, ignoring rebound effects can lead to overestimation of
environmental benefits. On the other hand, ignoring potential spillover effects (e.g., positive effect on
individual mitigation actions) might lead to underestimation of environmental benefits. Therefore, from
the perspective of the policy maker, it is important to have detailed information on behavioral effects of
solar panel adoption to inform the discussion on climate change mitigation.
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Heat waves have severe impacts on economy, ecosystems, and society [1, 2]. In many regions, hot
temperature extremes are expected to become more frequent and intense in the future [3]. It is not clear,
however, to which extent Europeans perceive heat waves as important and potentially pressing issues,
which may for example vary according to a region’s climatic conditions. We analyze and compare the
response of societal attention and public health to heat waves across twelve European countries for the
period 2010-2020. In particular, we consider Google search attention to heat wave and heat stroke (which
summarizes relevant search requests with similar search terms and across languages), as well as related
excess mortality and press mentions.

We explore several temperature variables in this context and find that societal attention and excess
mortality are most strongly related to maximum and mean temperatures. Further, these relationships
exhibit a threshold behavior with a temperature above which the sensitivity of societal attention, press
mentions, and excess mortality to temperature is clearly increased. Applying a piecewise regression
analysis, we identify these temperature thresholds in the relationships of societal attention and mortality
with temperature in each country (Figure 1). In general, we find higher temperature thresholds in coun-
tries with warmer climate. These results are consistent across Google search attention, press mentions
and excess mortality, even though excess mortality tends to be less strongly related to temperature, as it
is potentially affected by other factors.

Figure 1: Temperature-related thresholds in societal variables for weekly maximum of daily average temperature Tmean_max
(°C). Countries are ordered according the average temperature during 2010-2020.

The country-specific temperature thresholds identified from empirical data will further be used to
study the countries’ preparedness for future climate conditions. In the next step, applying the thresholds
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to climate model projections, we will identify the expected annual number of relevant heat wave days
and their trends for the next decade. This allows us to identify regions and time periods with a high
sensitivity to heat waves where improved management and adaptation is particularly important.

References

[1] An der Heiden, M., Muthers, S., Niemann, H., Buchholz, U., Grabenhenrich, L., Matzarakis, A.,
Heat-Related Mortality: An Analysis of the Impact of Heatwaves in Germany Between 1992 and
2017, Deutsches Arzteblatt International 117, 603 (2020)

[2] Hajat, S., O’Connor, M., Kosatsky, T., Health effects of hot weather: from awareness of risk factors
to effective health protection, The Lancet 375, 856-863 (2010)

[3] IPCC, Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge Univer-
sity Press (2021)

23



A long-term perspective on the drivers of the Indian summer monsoon onset.

Angela-Maria Burgdorf!?, Martin Wegmann?®, Stefan Bronnimann'2,Yvan Orsolini*

!Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland
’Institute of Geography, University of Bern, Bern, Switzerland
SEPFL - Ecole polytechnique fédérale de Lausanne, Lausanne, Switzerland
4NILU - Norwegian Institute for Air Research, Kjeller, Norway

The Asian Monsoon is considered the largest weather system on the globe, affecting nearly half of
the world’s population. Its seasonal changes in winds and rain govern the pulse of life of nature and
humankind and have so for centuries. While a mature body of research examines Monsoon variability
during the instrumental period, very little is known beyond 1870. Moreover, the main focus of previous
research has been on monsoon rainfall rather than monsoon onset. However, particularly the onset of
the Indian summer monsoon is crucial to hundreds of millions of people since it strongly impacts the
growing season and thus food security. In this study, we investigate monsoon onset variability of Mumbai
back to 1806 using documentary, instrumental, and reanalysis data. More specifically, documentary and
instrumental onset time series are compared to a newly reconstructed monsoon onset time series based
on daily precipitation data from the latest version of the Twentieth Century Reanalysis (20CRv3).

Furthermore, we study the potential large-scale drivers of the Indian summer monsoon onset. Besides
El Nifo-Southern Oscillation (ENSO), we explore relationships between the monsoon onset and other
modes of variability like the Indian Ocean Dipole (IOD), and Pacific Decadal Oscillation (PDO), Atlantic
Multidecadal Oscillation (AMO). Additionally, we review the Blanford Hypothesis. Henry Francis Blan-
ford (1884) [1] proposed an inverse relationship between the Himalayan winter/spring snow amount and
the monsoon onset and rainfall in the subsequent summer. This proposed Eurasian snow cover — mon-
soon link has been evaluated in numerous studies, but generally with a focus on the overall monsoon
precipitation amount rather than the onset. Furthermore, the lack of a long-term perspective has limited
previous investigations, as the monsoon onset is shown to be dominated by strong decadal variability.

For the first time, our study evaluates the nature of this link along with other drivers of the Indian
summer monsoon onset back to the early 19th century and sheds light on its underlying dynamics.
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Mean summer air temperatures as well as the likelihood for prolonged and more intense and more fre-
quent heatwave periods are increasing across Europe due to the ongoing anthropogenic warming. Cities
are especially prone to the alteration in summer air temperatures and extremes due to the so-called ur-
ban heat island (UHI) effect which leads to even higher temperatures in urban environments, especially
during calm nights after sunny and radiative intense days. The UHI effect causes various negative im-
pacts for cities and its residents regarding public health (e.g. increased fatigue, cardiovascular problems),
environment (e.g. increased vulnerability of urban trees) or economy (e.g. cooling costs, reduced pro-
ductivity of people).

To plan adequate adaptation measures to counteract these negative effects and cool down the city,
detailed knowledge about the intra-urban air temperature variability within a city is crucial. Different
methods to estimate the temperature distribution in cities exist, such as measuring with in-situ data, nu-
merical climate modeling or geostatistical modeling. In Bern, a very dense low cost air temperature
network has been installed since the summer of 2018 [1] and different models to investigate the urban
heat have already been set up. This includes a geostatistical model to estimate nighttime UHI intensity
means for heatwave periods [2] and another geostatistical model to estimate absolute temperature fields
for every single night during summer [3], both having a spatial resolution of 50 m. Additionally, two
numerical urban climate models have been applied: The non-hydrostatic microscale model MUKLIMO
3 with a resolution of 50 to 200 m [4] and the high resolution (10 m) PALM 4-U urban climate model
which is able to resolve large eddy simulations within the modeling process. In this project, we want to
compare the different methods and evaluate the capability of them to realistically predict the nighttime
urban air temperature distribution in a city with complex terrain. To do so, we will investigate one night
of a heatwave in summer 2018 (30" of July to 31°* of July), with all models and validate their spatial
and temporal performance in order to assess their potentials to contribute to urban planning initiatives
and adaptation plans to make cities cooler in a warming world.
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Anthropogenic climate change is likely to substantially increase the frequency and intensity of ex-
treme heat events globally [1]. Tropical regions—which are broadly poorer than mid-latitude regions—will
experience the most rapid and severe emergence of human-driven heat extremes [2], posing a challenge
to human health and well-being.

Despite the severe impacts of extreme heat in a warming world, the macroeconomic consequences of
extreme heat events, and their implications for optimal climate mitigation, are poorly understood. Empir-
ical climate-economy studies have generally focused on average temperatures instead of heat extremes
[3, 4]. Extreme heat is difficult to measure and data limitations in the poorest and warmest parts of the
world have prevented existing studies from being globally representative. As a result, the implications
of climate change for extreme heat events have generally not been integrated into cost-benefit analysis
of climate policy and metrics such as the social cost of carbon.

In recent work, we used empirical regression techniques to show that extreme heat intensity—defined
as the temperature of the hottest five days in each year—substantially reduces economic growth in sub-
national regions [5]. These effects are mediated by the underlying average temperature: Warm tropical
regions experience large negative effects of increased extreme heat intensity, whereas cooler midlatitude
regions experience weak negative effects or even benefits.

Here we quantify the macroeconomic effects of increased extreme heat intensity in the future. We use
climate models from the sixth phase of the Coupled Model Intercomparison Project (CMIP6) to project
changes in extreme heat intensity over the remaining century. We then apply our empirically derived
coefficients to quantify the associated change in economic output.

We find that projected increases in the temperature of the hottest five days in each year have a major
economic penalty (Fig. 1). At 2 °C of global mean surface temperature change, the global economy is
more than 1.25% smaller than it would have been otherwise, and at 3 °C, it is more than 2.5% smaller.
These losses are substantial compared to the “damage functions” that have been previously used in
Integrated Assessment Models (IAMs) to compute optimal climate policy: One major IAM assumed a
2.1% global economic loss at 3 °C from all impacts of global warming combined [6]. Our results show
that extreme heat alone could account for the entirety of these previous estimates, implying substantial
underestimations of optimal climate policy in previous studies.

Strong climate mitigation, by reducing anthropogenic intensification of heat extremes, could reduce
these losses. We estimate that holding warming to 1.5 °C instead of 2 °C could avoid a cumulative
economic loss of $10 trillion, and holding warming to 2 °C instead of 3 °C could avoid a cumulative
economic loss of $35 trillion. The benefits of mitigation are also apparent across emissions scenar-
ios (Fig. 1, inset): Following the SSP3-7.0 scenario (high emissions) yields economic losses in 2100
that exceed 4.5% of global GDP, but following the SSP1-2.6 scenario (strong mitigation) instead holds
economic losses in 2100 to ~2% of global GDP.

These results reveal previously unquantified costs of future extreme heat intensification, which strength-
ens the economic case for stringent climate mitigation. Further, because these losses occur specifically
on the five warmest days of each year, our results demonstrate that adaptation investments targeted to
those specific days may yield disproportionate benefits.
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Figure 1: Global economic losses from increased extreme heat intensity. Main plot shows the share of global output lost due
to warmer temperatures during the hottest five days of the year from the SSP3-7.0 scenario, referenced to global mean surface
temperature change from 1850-1900. Thick line shows the ensemble mean across uncertainty sampling of climate models
and empirical regression bootstraps, and shading shows the mean =+ the ensemble standard deviation. Inset shows the share
of output lost in 2100 under three emissions scenarios. White line shows the median across uncertainty from climate models
and regression bootstraps, box spans 1.5 times the interquartile range, and whiskers extend to the 5th and 95th percentiles.
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What is the dynamic response of the economy on frequent, small scale natural disasters? I examine
this question by using a novel, physically based indicator of flash flood incidence. Over the last twenty
years, more people have been affected by floods than any other natural disaster.! flash floods are floods
that follow shortly and causative after heavy rainfall. They are a highly localized phenomenon that
occurs in basins of no more than a few hundred square kilometers and a response time of few hours [1].

In the recent decade, economists became increasingly interested in studying economic impacts of
natural disasters: tropical storms [2], earthquakes [3], droughts [4] and floods [5]. For many countries,
natural disasters are a primary reason for their lower economic development and a major channel through
which climate and environmental degradation impact the economy [6]. Despite the growing interest in
the economics of natural disaster, the focus has been on large, high impact but low frequency events
such as hurricanes. However, it has been recognized that frequency is as important as intensity: for the
economic growth of developing countries with limited capacity to fund reconstruction, losses to GDP are
bounded only if natural disasters remain under a threshold with respect to their intensity and frequency
[7]. If either the intensity or frequency of natural disaster increase beyond that threshold, GDP losses
increase sharply.

In this empirical analysis, I study the effect of flash floods that are caused by extreme rainfall events.
I use a intensity-duration flash flood classification as a physical measure for floods. This classification is
based on intensity-duration-frequency (IDF) curves from conditional copula sampling and information
on confirmed flash flood events in Jamaica [8]. It is thus well calibrated for Central America and the
Caribbean. Two exercises are conducted. First, I estimate the effect a flash flood has on aggregate
economic activity by using satellite images of night lights. I find that after a small contemporaneous
increase in a flooded location’s night light activity, estimates are significantly negative until 10 months
after a flood for a cumulative impact of —10.1%. After a year, flash floods have no additional effect
on night light activity, but the level has decreased persistently. Second, the reaction of establishments
to flash floods is investigated. Representative establishment-level data from the World Bank Enterprise
Surveys is employed. The analysis indicates that establishments significantly reduce investments into
machinery, equipment and vehicles by 150’000 USD per flood. They do not, however, see a decrease in
sales nor do they lay off their employees. This points towards a resilience of firms to cope with such low
impact but frequent natural disasters.

These results are an important stepping stone from climate science to economic impacts. Global
warming likely increases the frequency and intensity of flood events in many parts of the world. While
accounting type figures of direct damages are collected and used in global warming scenarios, they do
not tell us anything about the actual impact on the economy. How direct damages propagate through
the system and what the aggregate consequence is depends on the behavior of firms and households,
credit constraints as well as the frequency of natural hazards. This propagation has implications for
damage function estimation of economic climate models and, more importantly, to inform policymakers
adequately about the risk of climate change.

! Authors, own calculation using EMDAT database. Since 2000, 1.7 Billion people have been affected by floods, followed
by droughts (1.4 Billion), storms (0.8 Billion) and earthquakes (0.12 Billion).
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Heat waves are generally defined as periods during which hot temperatures exert stress on natural
and human systems. Recently, heat waves have increased in frequency, duration, and intensity, and this
trend is projected to continue as a consequence of climate change [1]. This increase has motivated fur-
ther research regarding the understanding of heat waves and their resulting impacts. Though the study of
heat waves is hampered by an unclear definition; different choices can be found in the literature which
further limits comparability between impacts diagnosed in different studies. These definitions vary be-
tween different research communities as they are developed in relation to impacts in different societal or
ecological sectors. One such sector of interest is impacts upon human health. Due to complex interaction
between climate conditions and the public health response there is no single heat wave definition based
on heat-related illness and mortality [2]. In particular, the temporal scale is unclear. A recent study
focused on hot temperatures at a half-monthly time scale to analyse biophysical and societal impacts,
but emphasised the need to determine more objective impact-relevant spatial and temporal scales [3].

The goal of this current study is to determine impact-relevant temporal scales using country-scale
societal attention and public health data for Germany. Societal attention is represented by two metrics.
The first is print and web-based press articles from news sources which mention the term ‘“heat wave”.
The second is Google trends data of the search topics “Heat Wave” and “Heat Stroke”. Google trends
provides data on the magnitude of online search interest over time for selected regions; it has been shown
to be relatively accurate in measuring public interest [4]. Public health data is represented by mortality
anomalies and heat-related hospitalizations measured at a weekly scale. As mortality data is related to
all-causes this means several drivers are affecting the temporal evolution; to somewhat address these
confounding effects, we compute anomalies by removing the mean seasonal cycle to mitigate impacts of
drivers affecting mainly this mean seasonal cycle, while then associating excess mortality (i.e., positive
anomalies) with temperature extremes.

We consider heat waves defined as the hottest temperatures of n consecutive days in each year,
where n varies between 1 and 100 days, and constitutes the range of different temporal scales considered
in our analysis. Thereby, for example the hottest week can occur at a different time than the hottest
month or season (Fig. 1). For each considered time scale, we calculate the impacts of the respective
heat waves from the different years to determine the most impact-relevant heat wave time scale. We
distinguish between heat waves as singular events and heat waves as part of multi-hazards to analyse
potential differences in their impact-relevant time scales; where multiple hazardous events may occur
simultaneously, cascading, or cumulatively over time and space [5]. Further analyses will focus on more
countries to finally investigate the differences between impact-relevant heat wave time scales, and to
relate them to climatic or socio-economic characteristics of the different countries.

The results of this study will establish and implement a methodology to determine the most impact-
relevant time scale for climate extremes. While focusing on heat waves here, the approach is applicable
to other types of climate extremes as well. Knowing heat wave time scales (i.e., daily, weekly, monthly)
will assist in identification of major events in the historical record as well as in future climate projections,
particularly as trends in heat wave frequency and intensity might be different for different time scales.
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Figure 1: The warmest day (a), week (b), and month (c) for Germany for each year in the time period of 2010 to 2020.
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Climate change is expected to substantially increase the heat-related mortality burden in Switzerland,
especially amongst the more vulnerable such as the elderly. However, to date, few studies have ex-
amined the additive impacts population ageing and adaptation strategies when projecting future health
impacts at a high resolution. For public health, high-resolution estimates at district level of future health
impacts due to climate change, will help Swiss policy makers design tailored and local adaptation strate-
gies. Therefore, in this study we aim to 1) project heat- and cold related mortality under various climate
change scenarios and 2) identify coherent and plausible adaptation strategies under different scenarios of
climate and calculate the corresponding impacts under different degrees of adaptation, population age-
ing and urbanization. We first estimated the district-, age(<75 and over 75years)-specific temperature-
mortality association using a two-stage time series design with distributed-lag nonlinear models during
the 1990-2010 period in Switzerland. We then applied the temperature-mortality association to the dif-
ferent projections of temperature under different warming scenarios (1.5C, 2.0C and 3.0C, 4.0C) and dif-
ferent population ageing and urbanization scenarios according to Shared Socio-economic pathway(SSP)
(SSP3 and SSP5) and projected the corresponding heat and cold-related mortality. Results were ex-
pressed as the net-difference in future heat- and cold-related mortality under warming scenarios as well
as different climate, ageing and urbanization scenarios compared to the 1990-2010 baseline. Our prelim-
inary findings suggest that under 4.0C warming, the annual heat-related mortality will increase by 676
deaths (95% CI: -329 ; 1,937), while annual cold-related mortality is likely to decrease by 1,282 deaths
(95% CI: 672 ; 2006 ). The heat-related mortality fraction will increase from 0.22% (95%CI: -0.16;
0.54) to 1.30% (95%CI: -0.63; 3.49) mortality fractions and decrease from 5.27% (95%CI: 3.15; 11.33)
to 5.23% (95%CI: 1.86; 8.60) for cold. Moreover, including scenarios of future population ageing and
low adaptation will further amplify heat- and cold-related mortality(work in progress). In conclusion,
our preliminary findings suggest that the heat-related mortality is likely to increase 6-fold under 4.0C by
2071-2091 and this could further be exacerbated by a high degree of population ageing and urbaniza-
tion. We therefore encourage policy makers to mitigate the impacts of climate change and to design and
implement efficient adaptation strategies.
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In the very recent past, several world regions have been exposed to extreme weather events that
broke observational records by large margins. For example, June and July of last year featured extreme
heat in western North-America and Canada, as well as extreme rainfall and floods in southern Germany
and Belgium. Both events exceeded the likely range of extremes in historical observations and model
simulations, and both events resulted in considerable suffering and losses.

Many studies have shown that climate change leads to an increase in extreme weather events, such as
heat waves, droughts, and extreme rainfall [1, 2]. Models show an increasing occurrence of extremes that
exceed previous records by large margins under continued climate change, and more and more often we
also observe such extremes in the real-world climate [2]. Yet, our infrastructure and emergency strategies
are often based on experience of past extreme events, making them insufficient for the extreme events of
the present and future. It is important to better understand the probabilities and characteristics of record
shattering extremes in the current and future climate to inform adaptation policies and improve risk and
impact management.

It is common to quantify the effect of climate change on climate extremes as a change in probability
and/or severity of a particular type of extreme in a warmer world relative to the preindustrial world. In
this study, however, we take on a more experience-centred focus and assess the probability that existing
records are broken by a large margin (shattered). To do so, we analyse initial condition large ensemble
simulations under high-emission scenarios (SSP370, SSP585). We assess the probability of record shat-
tering daily and multi-day precipitation events per grid cell in single member realisations by updating
the prevailing record based on the maximum encountered value in the past of the model realisation, and
scouting for events that exceed the prevailing record by a large margin. This approach yields spatial
maps of local susceptibility to record shattering precipitation events, which can be of great relevance for
local policymakers.

Furthermore, we assess record shattering probabilities in spatially aggregated regions, allowing for
estimation of precipitation record shattering probabilities as a function of time, and thus as a function
of global temperature increase. Using this approach for 7-day temperature extremes, it was shown that
record shattering probability is strongly associated with warming rate [2]. This finding has important
implications for the expected damage associated with the course of future warming, determined by global
climate action targets. Improved understanding of the behaviour of precipitation extremes as a function
of global warming rates is therefore of high importance as well.

We show preliminary results of the spatial and temporal characteristics of record shattering in sim-
ulated precipitation. We aim to extend this study to include an analysis of drivers of record shattering
precipitation extremes in current and future climate, as well as a comparison with observed precipitation
extremes.
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The global ocean rapidly acidifies as it takes up anthropogenic CO, from the atmosphere. Ocean acidi-
fication (OA) refers to the concurrent long-term decrease of the ocean pH and aragonite saturation state
(€24) [1]. On top of this trend, extreme events of unusually low pH and €24 occur episodically in the
ocean. Superimposed OA and episodic strong excursions in the seawater carbonate chemistry can have
potential deleterious effects on marine organisms and ecosystems [2].

Using a high resolution regional ocean model coupled to a biogeochemical-ecosystem model (ROMS-
BEC), we characterize ocean acidification extreme events (OAXs) defined as spatiotemporally connected
grid cells of extremely low pH and €2 4, and investigate the mechanisms by which they are being formed
in the upper 150 m of the northeast Pacific Ocean. In a second step, we investigate the respective role
of atmospheric CO, rise and climate modes in the occurrence of OAXs, with an emphasis on the most
severe ones. To this end, we use daily output of a hindcast simulation from 1984 to 2019.

We find that OAXs are mainly triggered by the wind-driven upwelling of deep waters at the U.S.
West Coast and by ocean mesoscale cyclonic eddies [3]. The former causes shallow and intense OAXs
at the coast, while the latter leads to large OAXs that can last several months to years and propagate
from the coast to far offshore, occupying a substantial fraction of the upper 150 m depth of the ocean
(e.g., Fig. 1). Our results underline the key role of oceanic mesoscale processes in shaping these extreme
events.

Figure 1: Spatial extent and distribution of low pH-{24 extreme events (OAXs) in the upper 150 m depth of the northeast
Pacific Ocean. Plotted are the trajectories of the large and long-lasting events associated with mesoscale cyclonic eddies
detected between 1984 and 2019. The color indicates the mean depth of the extreme at each given day of the trajectory. The
dot size scales with the volume of the extreme at each given day. The black line encompasses the California Current System
up to 750 km off the U.S. West Coast. Modified from [3].

Furthermore, we find that atmospheric CO, rise is the primary driver of the increase in the annual
volume hit by pH extremes during the last four decades in the upper 250 m depth of the northeast
Pacific (e.g., Fig. 2), with 92% of this volume between 2010 and 2019 being a direct consequence of
the increase in CO, in the atmospheric forcing. The increase is fastest and strongest near the surface
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(0-50 m depth) and slower at the subsurface (50-250 m depth), especially in coastal regions (e.g., Fig.
2). In the subsurface of coastal regions we find strong interannual modulations of OAXs occurrence,
volume and intensity by climate modes such as the El-Nifio-Southern Oscillation (ENSO). The negative
(positive) phase of ENSO, namely La Nifia (El Nifio), increases (decreases) the occurrence of OAXs in
the southern and central part of the California Current System along the U.S. West Coast, compared to
normal ENSO years.

Figure 2: Timeseries of the annual volume fraction hit by pH extremes in the (top) Northeast Pacific and (bottom) 300 km
inshore coastal regions only in (left) 0-50 m depth and (right) 50-250 m depth layers. Dark filled areas depict the volume
fraction for a control simulation using an atmospheric CO, forcing stabilised around atmospheric CO, concentrations of year
1979 and light filled hatched areas represent the additional volume fraction hit by pH extremes in the hindcast simulation
with increasing atmospheric CO;.

The combination of the imprint of atmospheric CO, rise on OAXSs and of periods of enhanced OAXs
occurrence by natural variability, namely the upwelling season at a seasonal timescale and La Nifia years
at an interannual timescale, causes highly severe OAXs, i.e., long, large and intense spatiotemporal
coherent events, to develop. Such severe OAXs occur at increased frequency in the last two decades of
our hindcast, potentially impacting OA sensitive marine organisms over large volumes and long durations
in the Northeast Pacific.
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Northern high latitudes have experienced pronounced warming throughout the last decades with remark-
able temperature peaks especially during winter and springtime [1]. The warming affects the sensible
ecosystem, vegetation dynamics and the cryosphere (sea ice, snow and permafrost). Land surface tem-
perature (LST) is an important indicator for ecological and climate change [2]. On a global scale, ob-
servation of LST is only available from very few in-situ stations or climate models with coarse spatial
resolution. Both data sources are not sufficient to model small-scale effects in ecosystems or dynamics
of permafrost layers on large areas. In contrast, LST information can be retrieved from various satellite
data (e.g. Landsat 8 or MODIS (Moderate Resolution Imaging Spectroradiometer)). To retrieve statisti-
cally significant changes of Essential Climate variables (ECV), a time series of at least 30 years is needed
[3]. Only data of the Advanced Very High Resolution Radiometer (AVHRR) on-board the NOAA and
MetOp satellite series cover a sufficiently long period of more than four decades. The AVHRR Global
Area Coverage (GAC) data set, archived at the Remote Sensing Research Group’s facilities, will be spa-
tially enhanced to contribute to the aim of the proposed project: A study of the influence of LST on
permafrost utilizing a novel LST data set based on 40 year AVHRR data. In the past, a variety of LST
retrieval algorithms have been developed, which usage depends on the specifications of the TIR chan-
nels. AVHRR’s two thermal channels allow to apply the split-window method to reduce the atmospheric
effect [4] and to retrieve LST.

The present project expects to contribute to the analysis of the spatial and temporal variability of
LST and its relation to land cover categories and snow cover fraction. The determination of the main
impacts of trends and anomalies will be showcased. Additionally, an analysis of the interaction of LST
with vegetation, snow and permafrost is expected. Finally, the data set should be ingested into the ESA
Permafrost CCI toolchain.
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Mountain vegetation is particularly affected by climate change. With rising temperatures, plant pop-
ulations are either forced to shift their range upslope to more suitable areas, adapt to changing conditions
or suffer decline. Despite the growth of monitoring programs assessing the impacts of current global
change on alpine ecosystems, there is still an insufficient use of long-term studies in conservation biology
to understand ecosystem responses on long timescales. Paleoecology has made important contributions
to the reconstruction of past climate-driven vegetation changes based on the study of biotic proxies such
as pollen and macrofossils preserved in lake sediments.

The last climate change of a similar magnitude and rate as projected for this century occurred during
the transition between the last Ice Age and the Holocene interglacial (ca. 11,700 years ago), when
temperatures rapidly increased by 2-4 °C within less than a century. Studying this time period can
provide new insights into vegetation changes resulting from climatic drivers. Understanding the response
of vegetation to rapid temperature increase and human impact is a fundamental prerequisite to produce
accurate and reliable predictions of future mountain vegetation and mitigate climate change impacts. The
overarching goal of this large-scale, multiproxy study is to better understand past vegetation dynamics
and the impact of future climate change on plants at multiple scales; from the genetic to the community
level.

We present ongoing work on macrofossil and pollen analysis from the Lai da Vons sedimentary
record (1991 m a.s.l), an alpine lake situated at the treeline ecotone in Eastern Switzerland. Our results
reveal that the first trees could already establish 13,500 years ago, in response to rising temperatures.
Closed forests dominated by conifers like Pinus cembra and Larix decidua expanded during the Early
Holocene, when summer temperatures were even warmer than today. However, from 6,500 years cal.
BP onwards, increasing human impact led to an opening of the landscape, with more shrubs and herbs
and a more diverse species composition.

In a next step, we will use novel molecular methods in order to track adaptive and neutral genetic
diversity of conifers through the Holocene by analyzing ancient DNA from subfossil conifer needles.
The combination of these well-established palacoecological methods with novel molecular techniques to
understand vegetation changes to climate variations can be insightful for future forest management and
conservation in the Alps.
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The basic science of climate change is well understood, yet climate change remains one of the great-
est global challenges. Ongoing changes to our climate system are inevitable; the hydrological impacts
remain poorly understood and bear large uncertainties and significant risks, particularly in the case of
climate extremes. The naturally occurring El Nifio Southern Oscillation has impacts around the world,
though only happens every 2-7 years [1] meaning only a handful of events have been directly observed.
Of particular concern are the future swings of ENSO that are projected to change with further greenhouse
warming. The frequency of extreme El Nifio events and their counterpart La Nifia events are projected
to increase with global mean temperatures [2, 3, 4]. At the same time, El Nifio events have already un-
dergone changes leading to more El Nifio events occurring in the Central Pacific rather than the Eastern
Pacific [5]. This is projected to continue under future emission scenarios [6]. As ENSQO’s variability is
closely linked to rainfall extremes around the globe [7], projected changes to natural variability become
a substantial source of uncertainty for hydrological projections. The cascading impacts are poorly un-
derstood due to their uncertain response to forcing factors and intrinsic event diversity [8] but bear a high
risk for major rainfall disruptions in large parts of the world.

The evaluation of the cumulative risk related to changes of ENSO episodes on hydrological variables
at a multi-annual time scale is essential. Swings of ENSO are often related to hydrological extremes of
opposing character during ENSO warm and cool phases. For example, during El Nifio events Australian
rainfall is reduced by 30-60% whereas La Nifia conditions can lead to flooding and filling of reservoirs.
The cumulative hydrological impact of an ENSO episode depends therefore depends on the occurrence of
a “recharging” phase following an extreme dry event. Given the recent shift towards more El Nifio events
occurring in the Central Pacific [5], this natural recharge mechanism may be limited with continued
global warming. Specifically, Central Pacific El Nifio events are often followed by a second El Nifio event
rather than La Nifa conditions, as occurred in 2014-2016. These consecutive ENSO events increase the
risk of multi-year droughts [9] with dramatic implications for water security. The cumulative impacts of
ENSO episodes and the recharging ENSO cycle play a critical role in water resources management but
remains largely unknown.
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The two winters of 762/763 and 763/764 CE were among the harshest and most severe of the last 2000
years. Historical documents and proxy records (i.e. Speleothem records) cite widespread frost, famine,
and generally cooler temperatures from Ireland to the Black Sea [1, 2, 3, 4]. Previous analysis of Green-
land ice core records identified an acidity peak coinciding with the severe winters of 762-764 CE, sug-
gesting a possible volcanic influence. However, the source and nature of the eruption (tropospheric or
stratospheric) remained unknown, which has ultimately hindered robust climate impact assessments.

The polar ice cores offer the opportunity to reliably reconstruct past volcanic eruptions (source, dura-
tion, and plume height) due to their high-resolution and preservation of volcanic events (tephra particles
and sulphate aerosols) [5]. Therefore, to resolve the uncertainties surrounding the 762 CE acidity peak,
we adopted a multi-parameter approach across several Greenland ice cores. We (i) robustly determined
the total duration of the event using the annually resolved high-resolution ice core chronologies; (ii)
undertook targeted sampling of the ice core records for cryptotephra geochemical analysis and correla-
tion to proximal volcanic material to pinpoint the source volcano; and (iii) conducted high-resolution
sulphur isotope analysis to confirm the volcanic origin of this event and constrain the plume height of
the eruption (tropospheric or stratospheric).

Preliminary analysis has revealed that the acidity peak in 762 CE is the product of an explosive
stratospheric volcanic event, occurring at the end of a period of elevated tropospheric volcanic emissions.
Through geochemical analysis of the cryptotephra particles associated with this peak, a correlation has
been made to a volcanic system in Iceland. Ultimately, due to the stratospheric nature and latitudinal

position of this eruption in 762 CE, it could be considered as a likely cause for the severe winters of
762-764 CE.
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Diatom stratigraphies of well-dated sedimentary records are widely used to characterize past environ-
mental changes of aquatic systems. Holzmaar, a maar lake located in the West-Eifel Volcanic Field
(Germany), has continuous deposition since the Pleniglacial with a high potential for detecting climatic
and anthropogenic impacts. Until today, only a few time windows have been studied based on diatoms
but never the entire record [[1, 2]]. In addition to diatoms, we analysed magnetic susceptibility (MS),
biogenic silica (BSi) and the elemental composition (XRF) to assess the main trends of paleoenviron-
mental changes with a centennial resolution for the 14 m-long composite record.

MS shows relatively stable but low measurements along the record except for increased values for
the Pleniglacial (prior to 14,500 cal BP), the Laacher See Tephra (13,000 cal BP) and since the Iron
Age (younger than 2000 cal BP). Ca/Ti ratios are very low during the Pleniglacial, highest during the
Lateglacial and decrease throughout the Early Holocene. TOC/TN ratios fluctuate on a low-level sug-
gesting dominance of autochthonous lacustrine productivity. The patterns of diatom assemblages allow
us to infer the trophic history of Holzmaar. There is a distinct variation at the Pleistocene/Lateglacial
transition (during the Bolling/Allerdd interstadial), where Staurosira construens is replaced by Stephan-
odiscus minutulus, BSi, Ca/Ti and TOC/TN increase suggesting higher lacustrine productivity and a
shift of the trophic level from oligotrophic to mesotrophic. During the Younger Dryas stadial there is
a decrease of organic productivity and an increased wind intensity. The Holocene Thermal Maximum
(~9000-6000 cal BP) is dominated by S. minutulus and Nitzschia paleacea. The dominance of these
two species and the increases of TOC/TN as well as of TS suggest lake eutrophication with periodic
anoxia. During the Late Holocene (after 4200 cal BP), Lindavia radiosa and Pantocsekiella comensis
are dominant suggesting warmer conditions, eutrophication and increased minerogenic influx related to
human impact. Moreover, the appearance of Aulacoseira subarctica is related to a cold and wet period
during the Little Ice Age.

Our multiproxy approach enables us to reconstruct not only environmental conditions for the Pleni-
glacial/Lateglacial and Lateglacial/Holocene transitions as well as for the Younger Dryas stadial, but also
human impact (Late Holocene) and catastrophic events (e.g. the Laacher See eruption). An overview of
environmental changes during the last 16,000 years is provided with Fig. 1. Future studies will utilize
this multiproxy approach to investigate specific time windows (the Dantean and Homerian anomalies)
with high temporal resolution to better understand short-term variabilities of aquatic ecosystems and their
catchment areas in response to past climatic changes for an improved assessment of future developments.

References

[1] Baier, J. et al., Diatom and geochemical evidence of mid- to late Holocene climatic
changes at Lake Holzmaar, West-Eifel (Germany), Quaternary International 113, 81 (2004),
https://doi.org/10.1016/S1040-6182(03)00081-8.

[2] Briichmann, C., Negendank, J.F.W, Indication of climatically induced natural eutrophication during
the early Holocene period, based on annually laminated sediment from Lake Holzmaar, Germany,
Quaternary International 123-125, 117 (2004), https://doi.org/10.1016/j.quaint.2004.02.013

43



Figure 1: Summary of environmental conditions from the Pleniglacial (PG) until today for Lake Holzmaar. Prominent
climatic intervals or events are shaded in colour and labelled: Bolling/Allerdd interstadial (BO/AL), Younger Dryas (YD),
Holocene Thermal Maximum, Roman Period (RP), Migration Period (MP), Medieval Climate Anomaly (MCA) and Little
Ice Age (LIA). The dotted pattern indicates periods with increased soil erosion.
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Anthropogenically-induced climate change is strongly linked with perturbations of the carbon cycle from
the excess emission of greenhouse gases into the atmosphere, especially carbon dioxide (CO;). Radio-
carbon (1*C) measurements of atmospheric CO, are unique in their capabilities to provide information
on carbon source apportionment and transport, especially of fossil-fuel derived CO, which is *C-free
[1]. This top-down approach acts as a complementary way to assess the distribution and amount of
anthropogenic CO, emissions, compared to traditional bottom-up inventories of emissions in different
sectors of human activity. For natural sources of CO,, the emitted “C content can bring insight into their
carbon turnover and changing dynamics.

Figure 1: Map of Switzerland indicating the multiple aspects of the sampling strategy in this project. Campaigns will be
of three main kinds, investigations of CO- hot spots (industrial and urban sites), monitoring sites at tall towers and regional
campaigns to explore differences between ecoregions. Jungfraujoch (JFJ) serves as a regional background site.

The Radiocarbon Inventories of Switzerland (RICH) project aims to build a comprehensive database
and model of the distribution and cycling of radiocarbon in Switzerland across the atmosphere, soils,
rivers and lakes reservoirs. The project presented here will serve to specifically construct an inventory of
atmospheric *COj in this larger scope. This will be achieved by sampling air in strategic ways (Fig.1),
and measuring its 14CO, content, as well as CO, concentration. First, air masses passing over Switzer-
land will be sampled automatically with dedicated sampling devices installed at multiple tall towers
located across the territory. In parallel to this, more localized measurements will focus on industrial
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CO, hot spots as well as natural variations of 1*CO, across the multiple ecoregions of Switzerland. This
will bring information on the radiocarbon signature of concentrated anthropogenic CO, emissions, the
spatial representation of diffuse natural CO, emissions across multiple ecosystems, as well as their sub-
sequent atmospheric transport. As a complement to the atmospheric samples, **C measurements from
leaf biomass are also planned, which will allow to quantify the integration of *CO, to the vegetation,
and ultimately to soils.

One of the main challenges in this work is to develop a robust air sampling method and strategy
allowing us to effectively capture meaningful atmospheric **CO, signatures. Also, a precise and well-
thought sample handling protocol will be needed to ensure a low sample contamination and guarantee
the 1.5-2%o precision allowed by the Accelerator Mass Spectrometer MICADAS used at ETH Zurich
[2]. Graphitization of air samples will be done by using the Air Loading Facility also available at ETHZ
[3], allowing for a simplified workflow in the preparation of 5L atmospheric samples. A robust **CO,
background value is obtained from biweekly integrated samples taken at the Jungfraujoch (JFJ) high
altitude research station, located at 3463m asl.

References

[1] Levin, I., Hesshaimer, V., 2000. Radiocarbon — A Unique Tracer of Global Carbon Cycle Dynam-
ics. Radiocarbon 42, 69-80. https://doi.org/10.1017/S0033822200053066

[2] Wacker, L., Bonani, G., Friedrich, M., Hajdas, 1., Kromer, B., Némec, M., Ruff, M., Suter, M.,
Synal, H.-A., Vockenhuber, C., 2010. MICADAS: Routine and High-Precision Radiocarbon Dat-
ing. Radiocarbon 52, 252-262. https://doi.org/10.1017/S0033822200045288

[3] Gautschi, P., 2017. A new method to graphitize CO, from atmospheric air for radiocarbon analysis.,
Master’s Thesis., ETHZ.

46



Developing storylines for very rare precipitation extremes

Claudia Gessner', Erich M. Fischer!, Urs Beyerle!, Reto Knutti'

Hnstitute for Atmospheric and Climate Science, ETH Zurich, Switzerland

Heavy precipitation events are among the costliest natural disasters in central Europe, destroying the
local infrastructure and causing multiple fatalities. Due to the lack of long homogenous climate data
and methodological framework, it is uncertain how intense precipitation extremes could get. A com-
mon approach is to extrapolate into the tails of precipitation distribution, using the GEV distribution
[1]. Since these extrapolations are uncertain for events beyond the observational record and they are not
based upon physics, this study develops climate storylines of very rare precipitation events during cold
months (October - April) in a near future climate model simulation with CESM?2.

In an approach referred to as ensemble boosting [2], large samples of re-initialized heavy rainfall events
are generated to estimate how extreme they could get. We find that the most extreme precipitation can
be substantially exceeded in the boosted ensembles during cold months over central Europe. Repeating
the ensemble boosting method can efficiently generate even more extreme precipitation events with a
hundredfold increased return periods. The associated atmospheric dynamics show certain patterns dur-
ing precipitation extremes with characteristic impact on the precipitation over CEU.

Two most extreme
ensemble members

Unperturbed simulation l

)

Figure 1: Example of ensemble boosting. Development of the most extreme 3-day precipitation event in the CESM2 near
future simulation (thick dark red line), averaged over central Europe. Light red shading indicates the value range in the initial
condition ensemble simulation, started with a lead time of 14 days before the peak of precipitation (butterfly). Both dashed
black lines display the two most extreme ensemble members, i.e., with highest 3-day accumulated precipitation.

Second, we apply ensemble boosting to an analog of the flood-related precipitation in December
1993 over central Europe. The boosted ensembles reveal that the amount of precipitation could have
been largely exceeded, which would have aggravated the flood. As a result, the ensemble boosting
method can provide storylines of heavy rainfall development beyond the observational record, which
can be used to generate worst-case scenarios and stress test the socioeconomic system.
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The simulation of extreme precipitation events is rather complicated in the regional climate models as
their simulation depends on many factors such as spatial resolution, topography, or physics parameteri-
zations [1]. However, evaluating the thermodynamic conditions that can trigger these events is a must for
a proper diagnosis of their effects. The Iberian Peninsula (IP) is an interesting location for the evaluation
of such events, as this complex area is influenced by large-scale moisture transports [2] and the atmo-
spheric circulation over that region is affected by teleconnection patterns [3, 4]. Hence, it is important
to evaluate the performance of the Weather and Research Forecasting (WRF) model in such a complex
area at simulating the thermodynamic conditions that can trigger these events.

Here, we evaluate the performance of two downscaling experiments simulating different parame-
ters used to evaluate the unstable conditions in the atmosphere: convective available potential energy
(CAPE), the convective inhibition (CIN) and the total totals index (TT). The first experiment (N) is
driven by initial and boundary conditions from ERA-Interim; The second experiment (D) is similar to N,
but it includes additionally a 3DVAR data assimilation step every 6 hours. A spatial resolution of 15 km
was employed in both simulations, and the indices were calculated using the open-source R package
aiRthermo [5].

The first evaluation of each parameter was performed against the data collected by each of the eight
evenly distributed radiosonde available over the IP. The D experiment outperforms N for all the parame-
ters evaluated in terms of correlation, standard deviation and root mean squared error, and independently
of the season evaluated. Additionally, N overestimates or underestimates (depending on the parameter)
the variability of the observed parameters in most of the seasons, while D is able to capture the vari-
abilities in most of the seasons. In general, the 3DVAR data assimilation step improves the simulation
of the dew point temperature and virtual temperature profiles, and consequently, the simulation of the
instability parameters.

The heterogeneous distributions of CAPE, CIN and TT over the IP are highlighted in the seasonal
maps over the IP. During winter atmospheric instability is found on the Atlantic coast of the IP, while
in summer the Mediterranean coast and the Ebro basin are more prone to develop unstable air masses.
Assuming that convection can be triggered orographically or due to the effect of coastal breezes, which
is totally feasible in the highlighted areas, the patterns obtained with D would be in agreement with the
precipitation patterns observed over the IP by previous studies [6].
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Deglaciations are the largest natural global warming events across the Quaternary. These transitions of
the global climate from its cold glacial into the warmer interglacial state are the consequence of changes
in the latitudinal distribution of insolation, amplified by major positive feedbacks such as the ice-albedo
feedback and the greenhouse gas feedback. During this large-scale reorganization of the climate system,
the planet takes up vast amounts of energy. This energy is largely partitioned between Earth’s two
dominant energy reservoirs on glacial-interglacial time scale: the ocean and the latent heat stored in
glacial ice sheets. Thus, global ocean heat content (OHC), in combination with global sea level, are the
two key metrics for the determination of Earth’s energy imbalance during glacial-interglacial transitions
[1].

Ratios of noble gases and molecular nitrogen trapped in polar ice cores can be used as a proxy for
past mean ocean temperature (MOT), which is directly linked to OHC. Since noble gases are inert, the
combined atmosphere-ocean system can be considered a closed system for them. Thus, their past at-
mospheric abundances are solely dependent on their well understood temperature-dependent physical
solubilities in ocean water. As the atmosphere is well-mixed, a single ice core sample is sufficient to
obtain a snapshot of the global ocean’s noble gas content, and, thus, through the temperature-dependent
solubilities, its heat content. Thanks to high precision mass spectrometry measurements, the 1o uncer-
tainty of recent MOT reconstructions is on the order of 0.4°C [2]. As a consequence, MOT has proven
to be a novel powerful proxy for the past climate.

Here we present a new MOT dataset for the MIS6-5 period based on noble gas ratios in the EDC ice
core. Our MIS6-5 record spans from 163kyr-116kyr, thereby complementing and largely expanding on
a recent publication, in which the authors determine MOT variations during the Last Interglacial (LIG)
with ice from Taylor Glacier [3]. In accordance with [3], we find an overshoot in MOT at the onset of
the LIG, which is believed to be a consequence of the sustained reduction in AMOC during Heinrich
Stadial 11. We also find hints of glacial MOT variability, which probably again is connected to the
AMOC. Having thus available a complete picture of the MOT evolution throughout Termination II and
the following LIG, we can furthermore compare the MOT changes of this time period with those of other
glacial-interglacial transitions, namely Termination I, for which MOT datasets already exist [1, 4, 5], as
well as Terminations III and IV, which we are currently in the process of measuring. First data for
Termination IV suggest a similar, possibly even bigger, overshoot in MOT at the onset of MIS9 as seen
at the end of Termination II.
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Traditional ways of reducing flood risk have encountered limitations in a climate-changing and rapidly
urbanizing world. For instance, there has been a demanding requirement for massive investment in order
to maintain a consistent level of security as well as increased flood exposure of people and property
due to a false sense of security arising from the flood protection infrastructure. Against this background,
nature-based solutions (NBS) have gained popularity as a sustainable and alternative way of dealing with
diverse societal challenges such as climate change and biodiversity loss. In particular, their ability to
reduce flood risks while also offering ecological benefits has recently received global attention. Diverse
co-benefits of NBS that favor both humans and nature are viewed as promising a wide endorsement of
NBS. However, people’s perceptions of NBS are not always positive. Local resistance to NBS projects
as well as decision-makers’ and practitioners’ unwillingness to adopt NBS have been pointed out as a
bottleneck to the successful realization and mainstreaming of NBS [1]. Therefore, unraveling interactive
relationships between diverse stakeholders’ attitudes and hazard-prone places with NBS intervention is
essential. So far, only a few review papers about NBS (e.g. [2]) and a strand of paper that streams from
river restoration have identified several key determining factors for public attitude towards NBS. In this
study we argue that the place where a hazard exists should be considered as a critical contextual factor
alongside flood risk appraisals and perceptions of NBS themselves. We have developed a theoretical
framework — the ‘Place-based Risk Appraisal Model (PRAM)’ — that draws on constructs inspired by
theories of place and risk perception. A citizen survey was conducted in five municipalities in Saxony-
Anhalt, Germany where dike relocation and floodplain restoration projects have been conducted along
the Elbe River. An example of the project in Dessau-RoBlau is illustrated in Fig.1.

Figure 1: Illustration of Dessau-RoBlau Dike relocation and floodplain restoration project.

Structural equation modeling was adopted to explore the path coefficients and to test the PRAM
(Fig.2). Attitudes toward the projects were assessed in terms of ‘perceived risk-reduction effectiveness’
and ‘supportive attitude’. In terms of place-related variables, the construct ‘nature bonding’ proved to
be a positive predictor of perceived risk-reduction effectiveness whereas ‘place identity’ was a negative
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predictor of a supportive attitude. With regard to risk-related constructs, well-communicated informa-
tion, trust, and perceived co-benefits were consistently positive factors for both perceived risk-reduction
effectiveness and supportive attitude, while ‘threat appraisal’ affected both attitudinal factors negatively.
The study emphasizes that risk appraisal, pluralities of place contexts to each individual, and their re-
lations are key for determining attitudes toward NBS. Understanding these influencing factors and their
interrelationships enables us to provide theory- and evidence-based recommendations for the effective
realization of NBS.
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Figure 2: Structural equation model with standardized path coefficient. Ovals denote latent variables, squares denote manifest
variables. *** indicate the path with significant relationship with alpha = 0.01, with alpha = 0.05, * with alpha = 0.01.
Covariance coefficients are omitted. Goodness of fit: X2 = 273.050 (190 d.f.), p =0.000, CFI = 0.970, TLI = 0.962, RMSEA
=0.052, SRMR = 0.063
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The Arctic atmosphere is strongly affected by anthropogenic warming leading to long-term trends in
surface temperature and sea ice extent [1, 2]. In addition, it exhibits strong variability on time scales
from days to seasons. While recent research elucidated processes causing long-term trends as well as
synoptic extreme conditions in the Arctic, we investigate unusual atmospheric conditions on the seasonal
time scale. We introduce a method to identify extreme seasons — deviating strongly from a running-mean
climatology — based on a principal component analysis in the phase space spanned by the seasonal-mean
values of surface temperature, precipitation, and the atmospheric components of the surface energy bal-
ance. Given the strongly varying surface conditions in the Arctic, this analysis is done separately in Arc-
tic sub-regions that are climatologically characterized by either sea ice, open ocean, or mixed conditions.

Using ERAS reanalyses for the years 1979-2018, our approach identifies 2-3 extreme seasons for each of
winter, spring, summer, and autumn, with strongly differing characteristics and affecting different Arctic
sub-regions. Results will be shown for two contrasting extreme winters affecting the Kara and Barents
Seas, including their substructure, the role of synoptic-scale weather systems, and potential precondition-
ing by anomalous sea ice extent and/or sea surface temperature at the beginning of the season (see Fig. 1).

To statistically quantify and confirm these results, we further apply our method to large ensemble
simulations of the CESM climate model [3], using roughly 1000 years of data in present-day climate
(1990-2000) and end-of-century simulations (2091-2100), respectively. Results show a strong similar-
ity between the characteristics of extreme seasons in ERAS and CESM for the present-day period. The
identified seasons predominantly show the most extreme seasonal-mean anomalies of the applied surface
parameters, confirming that our approach captures seasons with extraordinary conditions. Preliminary
results will also be shown about our current investigation of possible changes in the characteristics and
driving mechanisms of Arctic extreme seasons in the warmer end-of-century climate.

The framework developed in this study and the insight gained from analyzing both, reanalysis and cli-
mate model data, will be insightful for better understanding the effects of global warming on Arctic
extreme seasons.

References

[1] M.C. Serreze and R. G. Barry, Processes and impacts of Arctic amplification: A research synthesis,
Glob. Planet. Change 77, 85 (2011), https://doi.org/10.1016/j.gloplacha.2011.03.004

[2] J. Cohen et al., Recent Arctic amplification and extreme mid-latitude weather, Nat. Geosci. 7, 627
(2014), https://doi.org/10.1038/ngeo2234

[3] J. W. Hurrell et al., The Community Earth System Model: A framework for collaborative research,
B. Am. Meteorol. Soc. 94, 1339 (2013), https://doi.org/10.1175/BAMS-D-12-00121.1

55



Figure 1: Time series of daily-mean (a) 2 m temperature (in °C), (b) sum of net surface sensible and latent heat fluxes (in
W m~2), (c) sea ice concentration, (d) precipitation (in mm day ') and (e) sea-level pressure (in hPa) averaged in the region
of the Kara and Barents Seas in DJF 2011/12 (left panel, black lines) and DJF 2016/17 (right panel). A transient climatology
is shown by grey lines. Grey shading shows the standard deviation of daily-mean anomalies in all winter seasons relative
to the respective transient climatology. Blue, orange, and green heatmaps at the bottom of the figure show the daily-mean
coverage of the region by cyclones, blocks, and CAOs, respectively (the darker the color the higher the coverage). Relative
frequency anomalies of the three weather systems are given in percentages. The horizontal axis indicates days since the start
of the season with day 1 corresponding to 01 December.
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Recent forest decline in Europe is strongly influenced by meteorological conditions imposed by sea-
sonal variations of temperature, 7'2m, and precipitation, P, and can be monitored with forest greenness.
This work quantitatively investigates anomalous characteristics of the three-year meteorological story-
line preceding events of reduced forest greenness in Europe’s temperate and Mediterranean biome in the
phase space of seasonal-mean anomalies of (72m, P). A specific focus is on the amplitude, persistence,
and co-variability of these anomalies. A pragmatic approach based on remote sensing observations of
normalized difference vegetation index N DV I serves to identify low forest N DV I events at the 50 km
scale in Europe in June to August 2000—2020. An independent forest disturbance data set is used to
qualitatively validate the identified more than 1’500 low N DV I events.

The identified events occur in summers with particularly dry and hot conditions but their meteoro-
logical storylines feature significant anomalies during multiple seasons preceding the events, with clear
differences between the two biomes. In the Mediterranean biome, the anomalously dry conditions per-
sist over more than 1.5y prior to the events, whereas 7'2m is anomalously warm only during the last
0.4y (Fig. 1b,d). In contrast, in the temperate biome, 7'2m is anomalously large during most of the
2.5y prior to the events and, most interestingly, the autumn/winter preceding the events is characterized
by anomalously wet and warm conditions (Fig. 1a,c). These anomalies potentially induce a negative
legacy on the following summer drought. The seasonal-mean anomalies of P are strongly determined
by synoptic-scale weather systems, such that long dry periods are characterized by a deficit of cyclones
and an excess of anticyclones (Fig. 1e-h). A final analysis investigates the peculiarities of low NDV' [
events that occur in two consecutive summers and the potential role of drought legacy effects. In the
temperate biome, the second event summer of an event sequence has less hot and less dry anomalies
than the first one and than during a single event.

In summary, detailed investigations of the multi-annual meteorological storyline of low forest N DV I
events provided clear evidence that anomalies of surface weather and synoptic-scale weather systems
over time periods of up to 2.5 y can negatively impact European forest activity, with important differences
between the temperate and Mediterranean biomes.
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Figure 1: A central figure of the study showing the 3-year meteorological storyline prior to low N DV I events in (a,c,e,g)
temperate forests and (b,d,f,h) Mediterranean forests. Red lines show the event-mean evolution of normalized 90-day running
mean (a,b) precipitation and (c,d) temperature anomalies. The grey shading indicates 95% confidence interval of the reference
climatology. Collocated 90-day mean (e,f) cyclone and (g,h) anticyclone frequency during events (dashed) and climatology
(solid) are shown as black lines, anomalies are indicated as heat map.
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Over the past century there was a significant increase in heatwaves in several regions around the
globe. This increase is projected to continue with ongoing global warming and forms a serious risk
for various ecosystems as well as human health. Changes in the occurrence and the characteristics of
heatwaves since the middle of the 20th century are extensively studied in observational datasets and
model simulations. However, there is a research gap concerning preindustrial (1850-1900) heatwaves
and heatwaves in the early 20th century and their connections to forcings and large-scale variability
modes.

In this study we analyse the occurrence of summer heatwaves and the spatial and temporal distribu-
tion of different heatwave characteristics using a 36-member ensemble of atmospheric model simulations
with prescribed SSTs and observed volcanic forcings over the period 1409 -2009. In addition we use
different observational datasets (20CRv3, ERAS, EUSTACE, station data) to compare to the model sim-
ulations. For the heatwave calculation we use a new approach, a 31-year running baseline climatology,
which allows us to compare heatwave characteristics like heatwave days per season or cumulative in-
tensity across different centuries. We further compare preindustrial heatwaves to recent heatwave events
and analyse how global or local heatwave hotspots change over time.

Our analysis shows that the different observational datasets show a comparable distribution of heat-
wave characteristics. Furthermore, the ensemble spread of the atmospheric model simulations is able to
capture the variability of the observational data (20CRv3) and can therefore be used to analyse prein-
dustrial and early 20th century heatwaves. Additionally, the agreement with the observational datasets
allows to use the simulations to analyse earlier preindustrial time periods that are not covered by obser-
vations. With our on-going analysis of preindustrial heatwaves, we consequently contribute to a better
understanding of past climate extremes.
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Although climate change occurs globally, impacts are experienced on a local to regional scale. Be-
cause of this, climate change risk assessments and adaptation planning occur at regional and local scales
as well. Global Climate Models (GCMs) are pivotal for informing mitigation strategies by showing the
magnitude of present and future climate change [1], but the spatial resolution of GCMs is too coarse to
resolve the features relevant to climate risk assessments and adaptation planning [2]. For this reason,
downscaled Regional Climate Models (RCMs) are needed.

There have been recent calls from national governments to provide downscaled climate projections
(from RCMs) to better understand climate risk and inform climate adaptation strategies across industries
and regions [3]. However, within the scientific community, there is ongoing debate surrounding the
added value that downscaled RCMs provide when compared to GCMs and how best to quantify added
value [4, 5, 6]. Precipitation is frequently evaluated in these added value studies, but presently, there is
no standardized framework or metrics identified to evaluate RCM precipitation output. Because of this,
it can be difficult to make a one-to-one comparison or properly assess what useful information RCMs
provide.

Recently, an international group of experts [7] outlined a benchmarking framework to assess simu-
lated precipitation in Earth System Models (ESMs) across generations (e.g., from the Coupled Model
Intercomparison Project). They identified a set of performance metrics that can serve as a baseline to
gauge model performance in simulating the: spatial distribution, seasonal cycle, temporal variability, ob-
served distributions of intensity and frequency, extremes, and dry periods, as shown in Figure 1. Largely
adapted from this framework, a standardized benchmarking framework is introduced to assess simulated
precipitation in RCMs. While this framework can be applied to any region or sub-region, we demon-
strate its effectiveness over Australia using high-resolution simulations from the CORDEX-Australasia
ensemble. We find that individual model performance is quite sensitive to the choice of the performance
metric and the choice of benchmark, highlighting again the need for a standardized model evaluation
framework. Focusing on one metric, we find substantial inter-model spread that we explore by assessing
the role of the driving GCM or the RCM modelling setup.

Figure 1: A summary of baseline performance metrics identified to evaluate simulated precipitation in Earth System Models
(adapted from U.S. DOE, 2020).
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Extreme humid heat is a multivariate compound extreme with direct societal implications, and under-
standing when it tends to occur is critical to preparing for its negative effects on human health, energy
demand, and economic productivity. Colloquially, the South Asian summer monsoon precipitation is
thought to bring cool relief after the taxing extreme heat season in the spring [1], and previous literature
studying the occurrence of extreme humid heat in this region has thus focused primarily on the pre-
monsoon season [2, 3]. However, recent studies have suggested that extreme humid heat may actually
persist past the onset of the summer monsoon [4], and potentially occurring during monsoon breaks [5].
Building on previous research identifying humid heat extremes during the absence of deep convection in
otherwise hot and humid environments [6, 7, 8], we characterize the humid heat conditions that occur in
South Asia surrounding monsoon onset in comparison to those taking place during monsoon breaks.

We find that in contrast to dry bulb temperatures, wet bulb temperatures are sustained throughout
the monsoon season in South Asia. On average, wet bulb temperatures are higher in the week follow-
ing monsoon onset than the week preceding, driven by increases in specific humidity associated with
the ongoing precipitation. Wet bulb temperatures are also anomalously high during monsoon breaks of
three or more days and peak on the final day of a break. This increase in humid heat is accompanied by
simultaneous increases in dry bulb temperature due to decreased cloud cover and increased surface sen-
sible heating, as well as positive specific humidity anomalies that build throughout the break duration.
Overall, moisture modulation is found to be essential to the occurrence of extreme humid heat under
both conditions, while the contribution from dry bulb temperature can differ dramatically. These results
highlight the active precipitation and breaks of the monsoon as previously overlooked times for potential
exposure to extreme humid heat in South Asia.

Figure 1: Composites of wet bulb temperature, dry bulb temperature, and specific humidity anomalies four weeks before and
after monsoon onset. Colored shading shows +/- 1 standard deviation. Light grey shading shows time after monsoon onset.
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Figure 2: Composites of wet bulb temperature, dry bulb temperature, and specific humidity anomalies one week before and
after a monsoon break. Colored shading shows +/- 1 standard deviation. Light grey shading shows normalized break duration.
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Extreme winds account for more than half of Norway’s insurance claims related to natural hazards [1].
Quantifying windstorm-damage relations is crucial to prepare for and mitigate the effects of future wind
events. However, there has never been an attempt to quantify windstorm-damage relations for Norway.
The work in hand employs four different damage functions at the municipality level of Norway, includ-
ing a newly proposed modified Prahl damage function [2]. We evaluate the damage functions in terms
of forecast accuracy. The damage function by Prahl exhibits greater model applicability and has a better
forecast accuracy in the majority of the municipalities. The spatial distribution of losses suggests severe
damages along the west coast of Norway. Further inland in Norway, there are seldom any losses due to
Norway’s unique topography and demography. The high values of the exponent parameter of the Prahl
damage function in municipalities with relatively fewer losses indicate a lack of storm preparedness. On
the other hand, the municipalities which experience severe damage, particularly on the western coast and
the Lofoten archipelago, seem less sensitive to windspeed changes. We also observe a great agreement
between the observed and fitted losses at both the municipality and national levels justifies the applica-
bility of damage functions to predict damages caused by winds.
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Every year, there are millions of people being internally displaced by tropical cyclones (TCs)- related
hazards [1]. Displacement can be a short-term precautionary evacuation before the onset of natural disas-
ters. However, if people’s home and community infrastructures are severely damaged, displacement can
be long-term. Often displaced people are subject to heightened risks to their physical and mental well-
being. An implementation of an impact-based forecast system for population displacement could aid
decision making process for pre-emptive evacuation planning and allocation of humanitarian resources,
and such reducing the adverse impacts from TCs.

This project presents the implementation of the impact forecast system for population displace-
ment using a python-based, open-source, globally consistent platform called CLIMADA (CLIMate
ADAptation)[3]. The platform integrates probabilistic hazard, exposure, and vulnerability information
to compute the potential impacts from TC events. Previous works have shown that CLIMADA is effec-
tive in scenario-based narratives for displacement risk and climate change [3], and an implementation of
operational impact forecast for building damages from winter storms [4].

The first prototype of the forecast system extracts information from ensemble TC forecast tracks
from the European Centre for Medium-Range Weather Forecast (ECMWF), a global population layer at
~1km resolution, and vulnerability functions that relate the exposed people to the intensity of TC wind
speed. Uncertainty and sensitivity analysis is also performed using the (quasi-) Monte-Carlo sampling
method, which has already been implemented in CLIMADA [5]. This analysis samples not only the
meteorological variability that comes from the ensemble forecast, but also the uncertainties from the
population layer and the vulnerability of the population.

An example case study of displacement forecast two days prior to the landfall of cyclone Yasa in
Fiji during mid-December 2020 is presented, revealing the potential of the displacement forecast system
and uncertainties from the forecast results. Fig. 1a presents the probability distribution of the forecasted
number of potentially displaced people in Fiji considering the uncertainties from the ensemble members,
total population in Fiji, and the vulnerability. The most probable number of displacement concentrated
at around 20 thousands people and a long tail of low probability, high impact scenarios. Fig. 1b, on the
other hand, shows how much sensitivity of the parameters that contribute to the overall uncertainties in
fig. 1a. Although the uncertainties mainly come from the spread of ensemble forecast, the knowledge of
the vulnerability of the communities in Fiji should be well-considered in the decision making process as
well.

The open-source data and codes of this implementation of displacement forecast are also transferable
to other users, hazards, and impact types. The showcase of this project hopefully could encourage the
wider use of impact-based of forecasting, and also trigger the conversations on how to include forecasting
uncertainties in issuing warnings and decision making.
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Figure 1: The uncertainty and sensitivity analysis of the forecasted results in terms of the number of potentially displaced
people in Fiji two days in advance of the landfall of cyclone Yasa on 17 December 2020. (a) Probability distribution of the
global uncertainty (b) The first-order sensitivity of the different model parameters.
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Droughts are extreme climate events that are characterized by a prolonged period of negative moisture
balance in the atmosphere and soil which can last from several weeks to years [1]. The events are
of critical importance as they do not simply affect society’s well-being, but threaten water availability,
energy, and food security on regional and global scales [2]. In the last few decades, modern observational
records have clearly indicated increases in severity and frequency of droughts mainly on the mid latitude
lands [3]. These increases are primarily caused by the ongoing global warming and are expected to
intensify in the future warming scenarios [3, 4, 5].

Despite its importance, our understanding of the entire life cycle of droughts is still not complete.
Many studies on droughts and associated drivers are focused on the mature phase of the events when
severe dryness is already evident in a region. This fact indicates that some important questions are still
missing in drought studies:

i How persistent dry periods (droughts) begin and how they are connected to daily precipitation and
temperature events,

i1 Which global and regional drivers determine the longevity of droughts enlarging their mature phase,
iii Which mechanisms terminate long-lasting droughts, and lastly

iv How global and regional drivers of droughts evolve over time from the initiation to the termination
phases of droughts.

Our project aims to answer the proposed questions by investigating the complete life cycles of
droughts. To this end, we use observational-based data and the CESM2 large ensemble [6, 7]. In the
first part, we characterize spatial and temporal extension of daily precipitation and temperature events
and droughts across the globe during the modern observational era (1979-2021). Through this analysis,
we explore possible links between daily hydrological events and droughts, and detect drought hot-spot
regions. Then, we identify global and regional drivers of droughts in the hot-spots and how these drivers
evolve with the progression of droughts. We also attempt to statistically quantify the contribution of each
driver at different phases of droughts. In the second part, we perform observation and model comparison
to evaluate the model’s ability to represent drought-related processes and also to disentangle global and
regional drivers at each phase of droughts. In the last part, we focus on how the drought drivers will
change under different future climate scenarios.

A comprehensive investigation of the entire life cycles of droughts is clearly necessary as the initia-
tion and termination stages of droughts are still under-explored topics. Our research will provide more
understanding of the nature of droughts and their changes in the future, which can potentially lead to a
development of an early warning system for these extreme events, and prepare and plan with improved
mitigation policies and adaptation strategies in the future.
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Temperature extremes with large impacts are spatially compounding in nature [1]. These hazards occur
when multiple locations are affected by the same event within a given time period. Modeling these
compound weather events is particularly challenging, and the growing field of spatial extremes [2] seeks
to address this difficulty. If prediction of these extremes is the primary focus, then machine learning
approaches offer attractive tools that can be combined with spatial extremes to help select the most
relevant covariates in a model.

Many surface temperature extremes are associated to a particular weather pattern known as atmo-
spheric blocking [3]. Blocks disrupt the large-scale westerly flow and eastward progression of synoptic
weather systems, leading to persistent and quasi-stationary weather conditions at the surface. In this
study, we introduce a data-driven methodology that predicts the occurrence, intensity and spatial de-
pendence of surface temperature extremes using 500hPa geopotential (Z500) anomalies and blocking
indices over the North Atlantic and European region as covariates. We use data from the ERAS reanaly-
sis and combine methods from the spatial extremes and machine learning literature. In particular, we fit
Generalized r-Pareto processes [4] with an appropriate risk functional to daily positive 2m temperature
anomalies in central Europe from 1979-2021 using loss functions motivated by extreme-value theory in
a popular boosting algorithm.

Our final model has three sub-components: The first predicts the probability that the mean tempera-
ture anomaly in our chosen risk region exceeds a high threshold; the second predicts the intensity of these
exceedances at each grid cell in the study region; the last predicts the spatial extent of these extremes
in the study region. We find which circulation patterns in the Euro-Atlantic sector are most important
in each sub-component. Figure 1 shows the average of Z500 patterns during the 25% most intense and
25% least intense temperature extremes, and also highlights which are the most important covariates in
each sub-components of the model.
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25% most intense extreme events 25% least intense extreme events

Figure 1: Average of Z500 patterns (standardized anomalies) during the 25% most intense (left) and 25% least intense (right)
temperature extremes in central Europe. Indicated in both plots are the four most important covariates (Z500 grid cells) in
the occurrence (X), intensity (cross), and spatial dependence (circle) sub-components of the model. Big rectangle indicates
the study region, small rectangle the risk region.
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Anthropogenically driven ocean warming increases the frequency and intensity of marine heatwaves
(MHWs) with potentially far-reaching consequences for marine life, such as the disruption and reorgan-
isation of food-webs [2, 2, 3, 4, 5]. As MHWs are typically detected using satellite observations at the
ocean surface, only little is known about their vertical extent [6]. This is a significant knowledge gap,
since the subsurface MHW structure can reveal information about the underlying MHW drivers and can
determine the MHW’s effect on marine organisms.

In this study, we investigate the vertical structure of Eastern Pacific (EP) MHWs in a hindcast sim-
ulation (1979-2019) performed with a regional ocean model (ROMS) (Fig. 1). We identify and track
vertically propagating MHW s by connecting adjacent grid cells in the vertical and temporal dimension,
in which temperature exceeds a seasonally varying 90" percentile threshold. We restrict our analysis to
the upper S00m of the ocean and to MHWs that affect the ocean surface at least once, thus to MHWs
that are potentially detectable with satellites.

We find that allowing for the vertical propagation of surface MHWs leads to longer event durations
compared to the surface-only perspective (55 vs. 27 days on average). This implies that MHWs affect
upper ocean ecosystems for substantially longer time periods than diagnosed from the surface-only per-
spective. We further find that the mean depth reached by MHWs generally increases with the MHW
duration. About 80% of MHWs in the EP are restricted to the surface mixed layer. Extreme surface
temperatures are most likely to be associated with MHWs reaching below the mixed layer in the trop-
ical Eastern Pacific. Clustering the MHW s with respect to their vertical propagation behaviour reveals
that 20% (12%) of MHWs move downward (upward) throughout their lifetime and another 12% show a
complex multi-surfacing structure. The latter occur mainly in the tropical EP during El Nifio periods.

Our results serve to better understand the drivers and evolution of MHW:s and can support the inves-
tigation of MHW impacts ranging from individual species to ecosystem services such as fisheries.

Figure 1: The methodology behind the study of MHWs. (left) Bathymetry and telescopic model grid of the ROMS hindcast,
with pole located over South America, yielding highest resolution of 4km off Peruvian coast, (middle) Snapshot of extreme
categories at 3 example depth levels (Om, 200m and 500m depth) in March 2015 as simulated in the ROMS hindcast, (right)
Sketch of the MHW definition approach at the model grid cell level (example column from middle panel): definition of
MHWs at the surface in the time dimension only (top) and allowing for vertical propagation in the time-depth dimension
(bottom). The orange colors indicate the marine heatwave categories (1: moderate, 2: strong, 3: severe, 4: extreme) [7].
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Figure 1: Automatic hail sensor.

Between 18 June and 31 July 2021, a series of exceptionally widespread and intense hailstorms oc-
curred over Switzerland, causing historical damages as recorded by several insurance companies. While
the events of 2021 caused major impacts, they also present a unique research opportunity because several
measuring platforms were capturing the hailstorms:

1. anewly set-up network of automatic hail sensors (project "The Swiss Hail Network", 1) that report
the size and kinetic energy of individual hailstones with very high temporal and size resolution.

2. the crowdsourcing function of the MeteoSwiss app through which users can report the largest
hailstone size, the presence of a hail layer and information on potential damage along with their
position, timestamp, and a picture.

3. two operational hail products of the Swiss weather radar network: the probability of hail (POH)
and the maximum expected severe hailstone size (MESHS).

A first look at the data collected from those observing systems during the summer of 2021 showed
that they give a coherent and comprehensive picture of both the hail footprint and hailstones diameters.
However the data is numerous and remains to be fully exploited in more detailed studies.
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The automatic hail sensors make it possible to capture the local duration of a hailstorm, to precisely
record the timing of hailstone impacts and to infer the hailstones diameter from their measured kinetic
energy. The kinetic energy flux, daily kinetic energy footprints and hailstone sizes distribution are im-
portant for hail damage assessment and modelling [1, 2]. The kinetic energy flux is directly related to
the size distributions and the terminal velocity of the hailstones. An interesting research avenue is to
investigate hailstone size distributions, kinetic energy flux and temporal evolution using the sensor data.
More precisely, we would like to investigate the following research questions:

Are the theoretical hailstone size distributions comparable with the observed hailstones distributions
at the sensor’s locations during selected hail events?

Can we get better estimates of (or constraints on) the hailstone size distributions parameters using
the sensor data?

What is the correlation between radar-derived MESHS and the kinetic energy flux at sensors location?

Taking advantage of the new data from 2021, we present the first results of hailstone size distribu-
tions and kinetic energy flux derived from the automatic sensor observations, as well as a systematic
comparison with MESHS at the sensor’s location. We also list the next steps of our research.
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Extreme events, such as marine heatwaves (MHWs), severely impact marine ecosystems. Of partic-
ular concern are compound events, i.e. situations when conditions are extreme for multiple ecosystem
stressors [1], such as temperature and net primary productivity (NPP). In 2013-2015 for example, an
extensive MHW, known as the Blob, cooccurred with low NPP and severely impacted marine life in the
northeast Pacific, with cascading impacts on fisheries [2, 3]. Yet, little is known about the distribution
and drivers of compound MHW and low NPP extreme events. We use satellite-based sea surface temper-
ature and NPP estimates to provide a first assessment of these compound events [4]. We reveal hotspots
of compound MHW and low NPP events in the equatorial Pacific, along the boundaries of the subtrop-
ical gyres, and in the northern Indian Ocean (Fig. 1). In these regions, compound events that typically
last one week occur three to seven times more often than expected under the assumption of indepen-
dence between MHWs and low NPP events. At the seasonal timescale, most compound events occur in
summer in both hemispheres. At the interannual time-scale, their frequency is strongly modulated by
large-scale modes of climate variability such as the El Nifio-Southern Oscillation, whose positive phase
is associated with increased compound event occurrence in the eastern equatorial Pacific by a factor of
up to four.

Figure 1: Mean frequency of compound MHW-NPPX events in the observation-based estimates over 1998-2018.

Using large ensemble simulations of two Earth system models, we then investigate the exact physical
and biological drivers of these compound events. Both models suggest that in the low latitudes, MHWs
are often associated with low nutrient concentrations at the surface of the ocean due to enhanced strat-
ification and/or reduced upwelling, which limits the growth of phytoplankton and results in extremely
low NPP. However, the models show large disparities in the high latitudes. Overall, we find that the
distribution and drivers of compound MHW-NPPX events are contingent on model representation of the
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factors limiting phytoplankton production. This identifies an important need for improved process un-
derstanding in Earth system models used for predicting and projecting compound MHW-NPPX events
and their impacts.
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The current global warming resulted in unprecedented extreme weather events such as heat waves,
droughts, floods, and storms throughout the world. This is affecting not only atmospheric processes but
also ecosystems. Aerosols (e.g., mineral dust, forest exudes, sea salt, etc.) which are produced at the
Earth surface and long-range transported to the polar regions by atmospheric circulation are archived
in snow/ice layers by wet and dry deposition. Thus, changes in the Earth system can be reconstructed
through the analysis of aerosol components in polar ice cores.

Single Particle Inductively Coupled Plasma Time Of Flight Mass Spectrometry (sp-ICP-TOFMS;
model: icpTOF R, TOFWERK AG, Switzerland) coupled to a continuous flow analysis (CFA) system
[1] allows for high-resolution elemental analysis of single dust particles in ice cores over the almost
full mass range. However, there are still a few technical and scientific challenges to overcome to fully
leverage sp-ICP-TOFMS for the geochemical characterization of single dust particles in deep ice cores.
Because ultra-trace elements like rare Earth elements (REEs) are seldomly detected in the pristine polar

Figure 1: Schematic diagram of CFA-sp-ICP-TOFMS with desolvation unit. This high sensitivity desolvation system using
condensation and membrane filtration improves the transport efficiency into the mass spectrometer, reduces water molecules
from entering the plasma, and decreases oxidized polyatomic interferences noticeably in the system.
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ice cores but play a crucial role in the geochemical characterization and fingerprinting of mineral dust
sources [2, 3], a better analytical performance such as improved sensitivity and reduced interference
formation of ICP-MS instrumentation is required to precisely quantify fluctuations in past mineral dust
deposition. For example, the loss of aerosol particles from the spray chamber to the plasma limits the
sensitivity of the elemental detection and has to be minimized. Moreover, H,O from the CFA meltwater
stream leads to the formation of oxides and hydrides in the ICP system, resulting in loss or interference
of signal for analytes of interest. These undesirable changes in the signals could be prevented by largely
removing the water before the plasma ionization. Therefore, we introduced for the first time in CFA-
sp-ICP-TOFMS on ice cores a high sensitivity desolvation unit to the ICP system, which considerably
improves the transport efficiency into the plasma and reduces the production of oxides in the system. A
schematic diagram of CFA-sp-ICP-TOFMS with the desolvation unit is shown in Figure 1. The transport
efficiency and sensitivity of sp-ICP-TOFMS increased by a factor of about five and two to five, respec-
tively, in presence of the desolvation system.

In addition to the technical challenge, there is a scientific challenge in the rich information of multi-
elemental composition data measured in single dust particles. The data dimension of the composition for
individual particles varies from univariate to a few tens of measured elements and meaningful implica-
tions in the dataset can be hidden in the high dimension data set. Hence, we need appropriate dimension
reduction methods for geochemical characterization of single dust particles in ice cores. First steps in
this direction have been taken in this study using firn cores from Greenland.

The ultimate goal of this study is to provide the methodological and time series analytical basis
for the application of CFA-sp-ICP-TOFMS on the future Beyond EPICA Oldest Ice ice core, which is
supposed to extend the Antarctic ice core record to the last 1.5 million years.

References

[1] Erhardt, T., Jensen, C. M., Borovinskaya, O., & Fischer, H., Single particle characterization and
total elemental concentration measurements in polar ice using continuous flow analysis-inductively
coupled plasma time-of-flight mass spectrometry, Environmental science & technology 53(22),
13275-13283 (2019).

[2] Gabrielli, P., Wegner, A., Petit, J. R., Delmonte, B., De Deckker, P., Gaspari, V., Fischer, H., Ruth,
U., Kriews, M., Boutron, C., Cescon, P., & Barbante, C., A major glacial-interglacial change in
aeolian dust composition inferred from Rare Earth Elements in Antarctic ice, Quaternary Science
Reviews 29(1-2), 265-273 (2010), https://doi.org/10.1016/j.quascirev.2009.09.002

[3] Wegner, A., Gabrielli, P., Wilhelms-Dick, D., Ruth, U., Kriews, M., De Deckker, P., Barbante,
C., Cozzi, G., Delmonte, B., & Fischer, H., Change in dust variability in the Atlantic sec-
tor of Antarctica at the end of the last deglaciation, Climate of the Past 8(1), 135-147 (2012),
https://doi.org/10.5194/cp-8-135-2012

78



Multi-model attribution of extremes in fire weather intensity and duration using
CMIP6 ensembles

Zhongwei Liu', Jonathan Eden!,Bastien Dieppois!, Igor Drobyshev>** and Matthew Blackett'

!Centre for Agroecology, Water and Resilience, Coventry University, Coventry, UK
2Southern Swedish Forest Research Centre, Swedish University of Agricultural Sciences, Alnarp, Sweden
3Institut de recherche sur les foréts, Chaire de recherche du Canada en aménagement forestier durable, Université du Québec
en Abitibi-Témiscamingue (UQAT), Canada
“Forest Research Institute of the Karelian Research Centre of the Russian Academy of Petrozavodsk, Russia
3School of Energy, Construction and Environment, Coventry University, Coventry, UK

In response to the occurrence of a number of large wildfire events across the world in recent years, the
question of the extent to which climate change may be altering the meteorological conditions conducive
to wildfires has become a hot topic of debate [1]. Despite the development of attribution methodologies
for extreme events in the last decade [2], attribution studies dedicated explicitly to wildfire, or otherwise
extreme ‘fire weather’, are still relatively few. In turn, there is a lack of consensus on how to define
fire risk in a meteorological context, posing a challenge for research in this subfield. Recent work has
offered clarification on uncertainties associated with the choice of meteorological indicator to represent
fire weather in the context of extreme event attribution [3], but there are additional sensitivities that are
still not fully understood.

Here, using established statistical methodologies applied to six large (>10-member) CMIP6 model
ensembles [4], we conduct probabilistic attribution of extremes in fire weather intensity and duration
across the world’s fire-prone regions. We assess trends in extremes in the Canadian Fire Weather In-
dex [5] (FWI) using extreme value distributions, fitted with annual maxima in 7-day averaged FWI
(FWIx7day) and the number of consecutive days for which FWI is above the 90th percentile (FWIxCD90).
To investigate the dependence of the fit on global warming, the distribution is scaled with the corre-
sponding 48-month running average in global mean surface temperature (GMST). At each grid point,
a probability ratio (PR) is calculated to express how the likelihood of extreme fire weather conditions
has changed between 1880-1884 and 2010-2014 as a result of global warming. Subsequently, attribu-
tion results across all six models are combined to generate a multi-model synthesis. As part of a model
evaluation step, we identify models that are able to realistically reproduce the statistical properties of
fire weather extremes. Models that meet the evaluation criteria are used to generate composite PR maps
(Fig. 1). The results show that extremes in fire weather intensity and duration have become up to 4 times
more likely since the pre-industrial era as a result of globally warming temperature in the majority of the
world’s fire-prone regions.

Our results also highlight the sensitivity of probabilistic fire weather attribution methodologies to the
choice of climate model ensemble. In conclusion, we therefore make a set of recommendations for future
attribution of extreme fire weather episodes: (i) the use (and comparison) of multiple model ensembles;
(i1) robust evaluation of model capacity to represent fire weather extremes.
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Figure 1: Composite plots showing the PR for trends in FWIx7day (left) and FWIxCD90 (right) averaged across a subset of
CMIP6 models that sufficiently well-reproduce the distribution of extremes.
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There is a growing need for past weather and climate data to support science and decision-making. This
abstract describes the compilation and the construction of global monthly instrumental climate data with
a focus on the 18th and early 19th centuries. We present a new instrumental monthly meteorologi-
cal database prior to 1890. This database provides early instrumental data, and it is multivariable (air
temperature, pressure, precipitation sum, number of precipitation days) are recovered for thousands of
locations around the world for that encompasses a substantial body of the known early instrumental time
series. Instrumental meteorological measurements from periods prior to the start of national weather
services are designated ‘“‘early instrumental data”. Much of the data is taken from repositories we know
(GHCN, ISTI, CRUTEM, Berkeley Earth, HISTALP). In addition, many of these stations have not been
digitized before. It ends up in one database with the same format, so it is easy to use the data with a good
overview of metadata. The dataset contains series compiled from existing databases that start before
1890 (though continuing to the present) as well as a large amount of newly rescued data. The first record
is from 1586. All series underwent a quality control procedure and subdaily series were processed to
monthly mean values. An inventory was compiled, and the collection was deduplicated based on coordi-
nates and mutual correlations. The data are provided in a common format accompanied by the inventory.
The collection totals 12452 meteorological records in 118 countries. Such datasets will allow new in-
sights into the transition of the climate system from the Little Ice Age into the present climate, longer
time series to learn from extreme events, and new opportunities to analyze the climate—society interface.
This is a follow-up of work done by Bronnimann et al (2019), who built up a huge inventory of all the in-
strumental meteorological measurements before 1850. The data can be used for climate reconstructions
and analyses. It is the most comprehensive global monthly climate data set for the preindustrial period.

Figure 1: Schematic diagram, showing the sequence of steps involved in the data collection.

2)
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Heat-related mortality has been identified as one of the key climate extremes posing a risk to human
health [1, 2]. Past heatwaves caught communities under-prepared, leading to excess mortality of several
thousand lives within just a few weeks time. With the collision of several mega-trends — aging soci-
eties, urbanization, inequality — the need for a comprehensive heat mortality risk analysis is growing
rapidly. Here, we present a probabilistic analysis of the impact of extreme heat on city-scale mortality,
demonstrated for 748 locations around the world.

Building on the open-source natural catastrophe risk platform CLIMADA (CLIMate ADAptation)[3],
we produce a probabilistic risk assessment for heat mortality on a city level. We combine state-of-the-
art epidemiological time series analysis methods[4] with single model initial condition large ensemble
(SMILE) climate model output [5]. The epidemiological analysis relies on quasi-Poisson regression time
series analyses and requires daily city-level mortality data. This analysis results in city-specific risk of
exceedance mortality as a function of temperature.

The SMILE approach takes a climate model and runs it multiple times with perturbed initial conditions
but using the same climate scenario. It thus indicates multiple physically consistent and plausible path-
ways of the climate which can be used for a probabilistic risk assessment. This allows estimation of
tail-risks and quantification of return-period-based mortality impacts. We used SMILE output of five
different climate models, totaling 234 model runs, to estimate impacts and uncertainties of tail risks.

Across most locations, heat-mortality counts of a 1-in-100 year season in the climate of 2000 must be
expected once every ten to twenty years in the climate of 2020. These return periods are projected to
further shorten under warming levels of 1.5°C and 2°C, where heat-mortality extremes of the past climate
will eventually become normality if no adaptation happens.
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The growth and development of modeling efforts has fundamentally changed the way climate science is
performed. Thus, modeling as a practice has received a tremendous amount of attention by the philoso-
phy of climate science community, with discussions ranging from general epistemic concerns to notions
of confirmation [3]. However, an equally important feature has received little attention, the uses of expert
judgment within climate science. In this talk, I will outline my current research into the conceptualization
and epistemic evaluation of expert judgment in the climate science domain.

I will begin with a systematic examination of the various uses of expert judgment in climate science,
highlight that expert judgment in this domain should be characterized as an output of science. This will
lead to a discussion of methodologies for creating and further evaluating expertise as an output of science.
Thus, to evaluate expert judgment we must look at the methodology of its production, structured expert
elicitation then comes to the forefront of this discussion as it is, to date, the most robust approach for the
creation of expert judgments [1]. This will lead to a comparison between expert judgment and other long
held outputs of scientific discovery, modeling outputs and observational data. 1 discuss some potential
differences between these scientific outputs, with one key aspect being that expert judgments are utilized
when there is at least some and, in most cases, high (or deep) uncertainty. This will highlight the role of
subjective elements, like individual social/political values, and the resulting epistemic concerns if these
biases then influence the scientific claims [2]. I will conclude with a discussion on how the biases can
and should be managed when using a rigorous elicitation methodology.
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Extreme heat events lower the fitness of organisms by inducing physiological stress and increasing
metabolic costs [1, 2]. Ectothermic animals are especially vulnerable to extreme heat events as their
body temperatures get pushed towards their upper thermal limits [3], potentially triggering large ecolog-
ical responses. Yet, little is known about the role of life-history traits, such as survival and reproduction,
in elucidating population responses to extreme heat events [4]. Here, we used a trait-based approach to
understand population resistance and recovery using four closely related species of Collembola, one of
the largest groups of terrestrial invertebrates living in soils (Fig. 1). We first measured thermal reac-
tion norms of life-history traits and used this information to identify ecological mechanisms linked to
population resistance and recovery after an extreme heat event (one week at 26 ° C night - 30 ° C day, rep-
resenting +10 ° C above control conditions). Furthermore, we investigated potential heat-induced shifts
on the population size distribution to provide a mechanistic link between individual and population-level
responses. We expected that the distinct climatic niches of our four study species would underlie dif-
ferences in their thermal performance, which would then affect their resistance and recovery after the
extreme heat event.

Figure 1: Individual of a Collembola species (Protaphorura pseudovanderdri fti) used to investigate population responses
after an extreme heat event. The individual portrayed measures 2 mm of body length.

We show that although the population resistance remained unaltered across species, the population
recovery of the most heat-sensitive species was strongly affected by the extreme heat event (-54% popu-
lation change compared to control conditions). The mechanisms behind such decoupling between popu-
lation resistance and recovery were elucidated by depicting that fecundity (linked to recovery) was more
sensitive to extreme heat than survival (linked to resistance). In addition, the detrimental effects of heat
on fecundity were most likely responsible of a decline in the number of small-sized (juvenile) individuals
in the population after recovery. The lack of both resistance and recovery responses in the other species
can be explained by their greater thermal tolerance, since they showed high survival and fecundity in the
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temperature conditions of our experiment. However, we argue that the same mechanisms causing a de-
coupling between population resistance and recovery in the most heat-sensitive species can be applicable
to the other species under even warmer conditions. We highlight that variation in life-history responses
to warming can scale to population level recovery after extreme heat events, and we thus call for a better
understanding of both short and long-term responses of species exposed to climate extremes.
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Intense precipitation from tropical cyclones (TCs), typically accompanied by wind-driven storm surges
and highly destructive winds, constitutes a significant threat for compound flooding and wind-driven
impacts in many coastal regions worldwide. However, most present TC risk assessment methods only
consider wind as the driving hazard and thus underestimate impacts emerging from compounding TC
sub-hazards. Further, it is crucial to understand how this risk will shift and intensify in a warming
climate.

We thus present a coupled, physics-based modeling approach for the coastal area of Metropolitan
Manila (PHL) to explicitly represent TC rainfall-induced freshwater flood, TC wind-driven storm surges,
and direct impacts from TC wind for present and future climate (Fig. 1). We use a large set of synthetic
TCs [1] generated from historical climate data (1985-2014) and from the late 21st century (2071-2100)
SSP585 warming scenario to simulate TC wind fields [2] and rainfall [3] intensity data. Our modelling
chain includes a hydrodynamical component [4] to convert TC precipitation to freshwater flood and
model wind-driven storm surges [5]. We evaluate the compound socio-economic impacts from the TC
sub-hazards using a state-of-the-art, open-source probabilistic damage model (CLIMADA) [6].

Modelling the joint impact from the TC flood and wind hazard is a novel contribution to the field of
TC impact assessment. We hypothesize that disentangling the relative contribution of TC sub-hazard to
the total risk will improve impact estimates as compared to simulating TC impacts using the wind hazard
only. Furthermore, we expect different spatial patterns of TC wind and flood hazard footprints. Lastly,
we suppose that these patterns changes in the future climate.

Ultimately, our advances in TC impact modelling can be applied in vulnerable coastal regions world-
wide, enabling better-informed adaptation decisions and mitigation strategies.
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Figure 1: Overview of the chained modeling framework. Impacts in CLIMADA are calculated by integrating hazard, exposure
and vulnerability data (right half of figure). The tropical cyclone sub-hazard modelling chain is shown in the left half of the
figure. Rectangles in blue tones represent existing model components (wind hazard). Purple boxes correspond to new model
additions (compound surge and rain hazard). 1. Emanuel et al. (2008) [1], 2. Emanuel and Rotunno (2008) [2], 3. Feldmann
et al. (2019) [3], 4. Bates et al. (2013) [4], 5. Clawpack Development Team (2020) [5], 6. Aznar-Siguan and Bresch (2019)
(6]
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Extreme weather-induced impacts, while inherently rare, have high potential to cause losses, damages
and disruptions to society. As the planet’s climate is changing due to anthropogenic global warming, the
risk of these extreme impacts is also changing. To adapt to these extreme impacts, it is essential for risk
management to understand and quantify the future risk of extreme weather-induced impact events [1].

The traditional approach to estimate risk in the future relies on determining the most probable out-
comes of future climate, based on different global climate model runs. This approach, while valid for
many purposes, might overlook low-probability high-impact events [2].

A complementary method has recently emerged, called storylines [3], which is defined as physically
self-consistent unfolding of past events and plausible future events. By focusing on plausibility rather
than on probability, storylines are well-suited to simulate extreme impact events. With storylines, it is
possible to create conditional explanations of events, linking impacts to specific climate conditions. This
allows for the exploration of historical events under different climate scenarios.

Recent studies have used storylines for impact estimation of historical events under global warming.
Yet, the suitability of storylines in generating climate information and, therefore, for risk assessment
remains unknown. We aim to assess the utility of climate information obtained via storylines and its
contribution to risk assessment.

In the first year of the PhD, we explored the weather conditions leading to soybean failures in the
United States of America [4]. Using a machine learning model, we selected the year with largest fail-
ure and identified the weather conditions leading to this event. Then, we explored the occurrence of
analogues of the historical event under different levels of global warming. The analogues were divided
between events with similar or more intense weather conditions (event analogues) and events with simi-
lar or higher impacts (impact analogues). We found the impact analogues to be a better metric for future
risk assessment as they detected more extreme cases and accounted for changes in the weather conditions
leading to extreme impacts.

In the second year, we explored the future risks of simultaneous crop failures under climate change
but considering different adaptation measures. We determined that global warming increases the simul-
taneous failure risk, but that adaptation measures have considerable effect in reducing this change.

Currently, we aim to explore extreme impacts due to flood events. The focus will be to use storylines
to disentangle human and environmental contribution to a historical event and explore different “what
if” scenarios. I would appreciate suggestions and advices on different methods of building storylines, on
how to use them for generating useful climate information, and most generally, how to bridge climate
science and impacts on society.
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Air trapped in polar ice provides unique records of the past atmospheric composition ranging from key
greenhouse gases such as methane (CH,) to short-lived trace gases like ethane (CoHg) and propane
C3Hg). Interpreting these data in terms of atmospheric changes requires that the analyzed species con-
centrations and their isotopic fingerprints accurately reflect the past atmospheric composition. Provided
that, biogeochemical cycles can be reconstructed.

However, recent comparisons of Greenland CH, records obtained using different extraction techniques
revealed disagreements in the CH, concentration for the last glacial. Elevated methane levels (here
called excess methane or CHy(,,)) were detected in dust-rich ice core sections measured by classic dis-
crete melt extraction techniques pointing to an artefact sensitive to the measurement technique [1]. In
targeted experiments we analyzed Greenland ice core samples for methane and other short-chain alkanes
ethane and propane covering the time interval from 12 to 42 kyr using a commonly used wet extraction
technique.

Here, we report our findings that the artefact production happens during the melt extraction step (in
extractu) of the classic wet extraction technique and reaches 14 to 91 ppb for CH, excess in dusty ice
samples. In addition, we document a co-production of excess methane, ethane, and propane (excess
alkanes) with the observed concentrations for ethane and propane exceeding, at least by a factor of 10,
their past atmospheric concentration. Independent of their produced amounts, excess alkanes occur in a
fixed molar ratio of approximately 14:2:1 in all samples analyzed, indicating a shared origin. At the same
time, we also discovered that the amount of excess alkanes scales linearly with the amount of mineral
dust (or Ca?" as a proxy for mineral dust) within the ice samples. By applying the Keeling-plot approach
[2, 3] the isotopic characterization of excess CH, reveals a relatively heavy carbon isotopic signature of
-46.4 %o (= 2.4 %o) and a light deuterium isotopic signature of -318.3 (4= 52.9 %o).

With both, the co-production ratios of excess alkanes and the isotopic composition of excess methane,
we established a fingerprint that allows us to confine potential formation processes. Here we see that this
specific alkane pattern is not in line with a microbial origin [4, 5] but indicative for abiotic decomposition
of organic matter as also found in sediments, soils, and plant leaves [6, 7]. For the first time in ice core
analyses this study provides first indications for an abiotic reaction producing excess alkanes during ice
core gas extraction and discusses potential mechanisms.

Moreover, we see urgent need to correct the already existing discrete records of atmospheric CHy for
excess CHy contribution (CHy(exs), (513C-CH4(em), 0D-CHy(es)) in dust-rich intervals in Greenland ice.
Especially, as we observe that in some intervals excess CH, is in the same range as the Inter-Polar Dif-
ference [8, 9], excess CH, has a significant effect on the assessments of the hemispheric CH, source
distribution and previous interpretations of relative contributions of high latitude northern hemispheric
CH, sources need to be revised.
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Ice cores from alpine glaciers serve as important archives that provide information about the composition
of past and present atmosphere. Due to their geographical location, they give evidences on anthropogenic
emissions in addition to natural signals[1]. Trace elements (TE) in glacier ice reflect the composition
of deposited aerosols and thus allow determining their origin, e.g. from oceans (sea salt), desert areas
(mineral dust), volcanoes and anthropogenic pollution[2].

The analysis of mineral dust provides information on dust sources, climate (humidity conditions),
circulation changes and anthropogenic land use[2]. By determining the TE composition, the source of
the mineral dust can be identified and thus a reconstruction of the wind conditions and/or atmospheric
circulation patterns can be achieved[3]. The climate itself plays a decisive role in the formation of min-
eral dust. Persistent droughts lead to the spread of deserts and therefore to a raise in dust mobilisation[4].
The anthropogenic destruction of natural vegetation for land use results in extended wind erosion of the
soil surface and increased dust emission[1]. Vice-versa mineral dust and other aerosols can also affect
the climate itself, through the absorption and scattering of incident solar radiation and indirectly by
influencing cloud and precipitation formation[4].

Figure 1: Cerro Negro glacier next to a copper mine. Are the particles in the ice samples coming from the mine? [5]

To determine TEs in ice cores, we use two instruments, an inductively coupled plasma-sector field-
mass spectrometer (ICP-SF-MS, located at Paul Scherrer Institute) and an inductively coupled plasma-
time of flight-mass spectrometer (ICP-TOF-MS, located at University of Bern). The ICP-SF-MS allows
high mass resolution, is extremely sensitive and therefore often used to establish long-term TE trends,
for example of anthropogenic pollution. In contrast, the ICP-TOF-MS is extremely fast, allowing mea-
suring separately the TE composition of single particles and the dissolved fraction, which is an important
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information to reconstruct the mineral dust sources more precisely. We analyzed TE concentrations in a
shallow ice core from Cerro Negro glacier in Central Chile with both instruments. We will present first
data on single particle composition to identify TE sources (Fig. 1) and will discuss the comparability of
the results (Fig. 2).

Figure 2: Comparability of the measurements with both instruments (ICP-SF-MS and ICP-TOF-MS)
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Communicating flood risk information to decision makers and the public is crucial to encourage proac-
tive action for flood protection and hazard mitigation. In order to develop a way to convey scientific
insight and data on flood risk we conducted a participatory development process together with stake-
holders. This process resulted in an online tool to generate storymaps of local and national extreme
flood events. Our storymaps combine dynamic, interactive maps with the storyline approach. Storylines
are increasingly used to convey the possible rather than the probable [1]. We have adopted this method
to communicate possible river floods in Switzerland resulting from extreme precipitation events.

Data on extreme events is scarce by definition. We address this issue by selecting extreme events
from a pool of hindcasts (SNSext (1998-2017, 11 members) and SEASS (1981-2017, 25 members))
equivalent to 8400 years of data [2]. The selected precipitation events were used as a starting point for a
comprehensive model chain including a hydrological model with a river routing module, a hydrodynamic
model for the inundation modelling and an impact module for assessing the flood impacts on buildings,
roads, and critical facilities such as schools and retirement homes, including the number of affected
people.

With the ongoing climate change, heavy precipitation events in central Europe are expected to in-
crease in terms of intensity, frequency [3], spatial extent [4] and duration. In other words, today’s extreme
precipitation events are expected to occur with higher probability. It is therefore interesting to know if
and where such events will have an increasing impact to our society.

As a next step, we will simulate the increasing precipitation due to the ongoing climate change
and estimate the impact on the river network and the flood impacts. Therefore, we will perturb the
precipitation scenarios and rerun the model chain. A sensitivity analysis of the exposed settlement area
may reveal places of particular interest with regard to cost / benefit for flood protection and flood impact
mitigation.
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Events of extreme weather have recently gained in public attention. Examples of such events are the
series of heat and drought events in Central Europe during 2018 and 2019, typhoon Mangkhut causing
damages in the billions in 2018, and the heatwave over Pakistan and India in March 2022, affecting
the health of millions of residents. A distinct linkage between ongoing climate change and extreme
events has been established [1, 2], and is also subject of discussion in the latest IPCC report [3]. This
rises the need for robust and sound climate projections, especially for densely populated regions of high
socioeconomic importance, such as East Asia [4, 5].

To contribute towards the establishment of a high level of protection and to finally design and imple-
ment effective adaption measures, the Sino-German project MitRiskFlood aims at optimizing regional
climate projections and discussing long-term trends in hydrometeorological predictors, as well as trends
in univariate extreme events and compound events. This can be achieved by consulting model output
from general circulation models (GCM) and regional climate models (RCM). These models inherit sys-
tematic errors (bias) that must be addressed prior to climatological analysis. We therefore locally adapt
the latest EAS-CORDEX GCM-RCM simulations and optimize the runs by using an ensemble of bias
correction methods, model runs, and RCP scenarios [6, 7].

Optimized long-term projections are analyzed for 2080-2100 and compared to 1980-2000. The

model mean of daily maximum 2m air temperature is projected to increase by 1.5 K in the annual mean
for RCP scenario 2.6, and by nearly 4 K for RCP scenario 8.5. In terms of precipitation projections, an
increase in the annual sum can be detected for scenario 8.5. Remarkable uncertainties, however, remain.
Analysis of changes in specific percentile-based thresholds unveils a particular increase in the heavy tail
of the distribution of both variables. The increases in the heavy tail exceed the mean increase of the
corresponding variable for daily extreme events exceeding the 95" percentile.
We analyse compound events of heavy precipitation (> 99" percentile) and tropical cyclone force-winds
(> 17.5 m s~1, [8]), and consider events taking place at the same location and at the same time, while
allowing for a maximum lag of one day [9, 10]. Results for 2080-2100 show a statistically significant
increase in the annual number of days with compound events over the South China Sea and reaching into
the densely populated coastal areas. This increase can be seen for both RCP scenarios, yet increases are
amplified under scenario 8.5.

Further research questions could include a deeper understanding of changes in the physical relation-
ship between the predictors, as well as changes in statistical dependencies [11]. Further optimization
could be achieved by including additional bias correction methods, e.g. multivariate bias correction and
deep learning. These methods could also be applied to station-based data to refine the obtained results on
a local scale. This analysis could then be repeated with a special focus on densely populated and highly
vulnerably urban locations, for example Shanghai and Shenzhen.
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In Europe, the 19" century was characterised by several events of extreme weather, ranging from cold
spells, wet summers and floods to droughts. Many of these have been analysed based on a number of
early meteorological measurements, as well as on ample documentary information. For some regions,
even statistical reconstructions of spatial fields with daily resolution have been conducted for a small set
of surface variables. However, these datasets provide only limited information on the processes that led
to such disastrous events.

In turn, dynamical downscaling methods combined with data assimilation of station records allow
to combine several sources of information and to reconstruct past weather in three dimensions and on a
higher temporal and spatial resolution. While this approach has so far been restricted mainly to the 20%
century due to a lack of prior atmospheric boundary conditions, the newest version of the 20™ century
reanalysis (20CRv3) opens a new chapter, allowing us to go back in time to the early 19" century [4].
Furthermore, data rescue and digitisation activities in the last decades brought to light a vast amount of
meteorological station records covering over 200 years in total [1, 2].

In our work, we assess the possibilities and challenges of this approach on the example of the summer
1816 in Europe - a particularly interesting episode due to the catastrophic aftereffects of the volcanic
eruption of Mt. Tambora in the previous year [5]. We simulate one of the coldest episodes in June 1816
by downscaling data from 20CRv3. The simulation uses the Weather Research and Forecasting (WRF)
model [3] with three nested domains for the greater Alpine region and provides hourly output with a
3-km resolution. In addition, we include recently digitised station series of temperature and pressure for
a Three-Dimensional Variational (3DVAR) data assimilation in the innermost domain. Simulations are
then validated against independent station observations.

First results suggest that dynamical downscaling and data assimilation may become a promising
approach to obtain physically consistent information on past weather on a local and subdaily scale. This
may hold even for extreme events in an era with a scarce network of instrumental weather observations
compared to today, although erroneous results may occur. Particular attention should be paid to the data
assimilation system, as early instrumental records exhibit larger uncertainties compared to today. Quality
control and homogenisation efforts are therefore advisable. Furthermore, our simulations show that
spectral nudging in the outermost domain leads to the most accurate results. Although further research
is needed, also considering different case studies, a successful application of dynamical downscaling
and data assimilation for the early 19" century might even open the door for a regional atmospheric
reanalysis product that covers the last two centuries.
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Hail remains one of the main climatic risks for agricultural crops and infrastructure. Forecasting hail oc-
curence on both, the weather and climate time scale remains extremely challenging due to the complex
small scale processes involved in hail formation. However, assessing the implications of climate change
for hail risk is of paramount importance for informing adaptation. Within the SNF-sinergia project
“Seamless coupling of kilometre-resolution weather predictions and climate simulations with hail im-
pact assessments for multiple sectors (scClim)” we combine expertise from high resolution weather and
climate modeling, climate risk modeling, observational hail research in Switzerland, agricultural re-
search and stakeholders to provide a comprehensive assessment of hail risk in Switzerland in present
and future climates [1]. The project encompasses five subprojects: A) Co-development of a hail impact
assessment platform for multiple sectors, B) Hail in weather and climate modeling, C) Observations of
hail, interannual variability and model validation, D) Modeling hail damage to agriculture, and E) Mod-
eling hail damage to buildings and cars.

Subproject D), to which we contribute, focuses on hail damages to crops. One of the first key challenges
in this subproject is the development of a robust approach for linking damages to field crops (Fig.1)
to properties of hailfall. It is essential that the approach is able to simulate the chronological interplay
between time of hailfall and crop phenology [2] and therefore account for the dynamic nature of crop
exposure and vulnerability. To achieve this goal, we combine data obtained from the literature, crop
phenology data and models, and loss data provided by stakeholders. The resulting dynamic model com-
ponent will be integrated into the open source, event-based risk modelling platform CLIMADA [3] (Fig.
2), which will ultimately be used for post hazard and climate change impact assessments.

In the poster, we showcase the underlying risk modeling framework, discuss the challenges that the im-
plementation of such a model chain faces and how we aim to overcome these challenges.
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Figure 1: Corn field damaged by a hailstorm in Summer 2021 in Switzerland. Credits: Ennio Leanza / Keystone. Source:
https://www.nzz.ch/zuerich/unwetter-in-zuerich-grosser-ernte-schaden-bei-bauern-und-winzern-1d. 1638842 ?reduced=true

Figure 2: Schematic of the functionalities of the risk assessment platform CLIMADA. Source:
https://wcr.ethz.ch/research/climada.html

101


https://www.nzz.ch/zuerich/unwetter-in-zuerich-grosser-ernte-schaden-bei-bauern-und-winzern-ld.1638842?reduced=true
https://wcr.ethz.ch/research/climada.html

A systematic review of drivers and dynamics in flood risk evolution assessments

Nele Rindsfiiser!?, Andreas Paul Zischg!?, Margreth Keiler**

!Qeschger Centre for Climate Change Research, Mobiliar Lab for Natural Risks, University of Bern, Bern, Switzerland
’Institute of Geography, University of Bern, Bern, Switzerland
3Department of Geography, University of Innsbruck, Innsbruck, Austria
Hnstitute of Interdisciplinary Mountain Research, Austrian Academy of Sciences, Innsbruck, Austria

The future is unknown. What is obvious for all areas of modern civilization has far-reaching conse-
quences when major decisions are to be made that affect the future.

Flood risk management is confronted with deep uncertainties in future evolution of natural and hu-
man systems. Socio-economic development, climate change or changes in the natural environment in-
fluence drivers of flood risk evolution [1, 2, 3]. Changes and dynamics of drivers of flood risk evolution
pose major challenges for flood risk management strategies. Thus, new management strategies are re-
quired to ensure the safety level of humans and their assets and reduce losses from floods. Adaptive
management is a strategy to cope with such uncertainties [4]. Basis for adaptive flood risk management
is the knowledge and monitoring of (1) the actual system state, (2) the evolution of system components
and (3) system dynamics such as interactions and feedbacks between system components.

Against this background, the first step is a scientific literature review on flood risk evolution, their
related concepts and potential factors influencing flood risk evolution. Further, methods and approaches
that enable the identification of those influencing factors are evaluated. Our analyses are based on a
systematic search and review of scientific articles on flood risk evolution listed in SCOPUS and Web
of Science since 2000. An in-depth content analysis of the selected papers is conducted in the software
program MAXQDA. Coding and content analysis is based on the following guiding questions:

1. How is flood risk conceptualised in studies?
2. Which approaches, methods, and tools are used to assess flood risk evolution?
3. What is the spatial distribution of existing studies?

4. What are the main drivers of flood risk evolution, and how are they classified/characterised? Are
there commonalities and differences regarding the drivers of flood risk evolution? What are the
most relevant drivers of flood risk evolution?

5. Are spatial and/or temporal dimensions of flood risk evolution considered/assessed?

6. Are feedbacks and interactions between drivers of flood risk evolution considered/ assessed?

The content analysis and synthesis of the scientific literature is current work. Thus, results are not
ready yet but planned until end of August. As a next step, the analysis and synthesis of the scientific
literature will be conducted. This will provide important information to conceptualise an approach that
enables a robust analysis of flood risk evolution including drivers of flood risk evolution and their dy-
namics.
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Using temperature and precipitation combined to detect and attribute aerosol
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Anthropogenic aerosols (AER) have been found to impact both Earth’s energy and water cycle. Like
greenhouse gases (GHG), they are an anthropogenic climate forcing that will play an important role in
shaping Earth’s future climate. Therefore, to improve future predictions, it is fundamental to understand
and quantify the individual impacts these two forcings have on the climate system over the historical pe-
riod. However, the separation of the signals is hindered by large uncertainties in the response to aerosol
forcing in different climate models. To differentiate between the responses of the climate system to
different forcings we are applying optimal detection methods using regularised optimal fingerprinting,
which has been implemented in Python [1]. Here, model-derived response patterns (fingerprints) are
regressed (total least squares) against observations to retrieve scaling factors giving the magnitude of
each fingerprint in the observations. Uncertainties in the scaling factors are estimated by adding multiple
samples of climate noise from the model internal variability to both the fingerprints and observations. A
fingerprint is detectable if the estimate of its scaling factor is larger than zero. In this study we investi-
gate whether combining the fingerprints of temperature and precipitation can increase the signal-to-noise
ratio and better constrain the impact of anthropogenic aerosols.

Building on previous findings of aerosols effects on climate, we focus on tropical precipitation by
tracking wet and dry regions (1988-2020) [2] using data from the Global Precipitation Climatology
Project (GPCP;[3]), as well as changes in the interhemispheric temperature asymmetry (ITA; [4]) (1955-
2020) using the HadCRUTS dataset [5]. Large ensembles of historical simulations from three models
(CanESMS5, CNRM-CM6-1, IPSL-CM6A-LR) that are part of phase 6 of the Coupled Model Intercom-
parison Project (CMIPG6; [6]) are used to derive fingerprints, including all external forcings (ALL) and
anthropogenic aerosol-only forcing (AER). We also use an additional fingerprint for the remaining forc-
ings (primarily GHG), where the AER fingerprint is subtracted from the ALL fingerprint (ALL-AER).
The model fingerprints and observational time series are presented in Figure 1.

Figure 1: Time series of the ALL (black), AER (blue) and ALL-AER (red) multimodel mean annual anomalies (standardized),
along with the observed anomalies (dashed black; GPCP/HadCRUTY) of (a) tropical wet- and (b) dry-region precipitation,
and (c) the ITA. The ALL-AER signal is derived by subtracting the AER-only from the ALL-forcing signal.
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Figure 2 shows the results for a 1-signal (regressing the ALL fingerprint onto the observations) and
2-signal analysis (regressing both the ALL-AER and AER fingerprints onto the observations) for the
multimodel mean (MMM) and individual model means. When comparing the individual (Fig.2a-c) and
the combined precipitation and temperature fingerprints (Fig.2d), we estimate a narrower range for the
ALL scaling factor (in the MMM), and also for the ALL-AER vs AER scaling factors, for some of
the individual models. Our preliminary findings indicate that combining temperature and precipitation
information helps to quantify the aerosol impact on large-scale climate over the past several decades,
yielding more robust results across models. However, these results are dependent on the precipitation
sensitivity being correctly represented in the models.

Figure 2: Detection and attribution of observed changes in tropical (a) wet- and (b) dry-region precipitation, (c¢) the ITA,
and (d) the combined time series, from a 1-signal (ALL, black) and 2-signal (ALL-AER, red; AER, blue) total least squares
regression analysis. Circles show the best estimate of the scaling factor with the vertical lines denoting the 90% confidence
intervals. Crosses indicate where scaling factors cannot be retrieved.
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Heatwaves over Europe: Improving the forecast on the subseasonal range
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Heatwaves have important impacts on society and our environment. In Europe for instance, the
summer of 2003 caused upwards of 40000 fatalities. They also impact the crop production, ecosystems,
and infrastructures. In a warming climate, heat wave intensity and frequency are likely to increase with
potentially more dramatic consequences.

Considering this, it is crucial to forecast such extreme events and therefore gain a better understand-
ing of their triggering processes. The determination of these processes requires to identify heatwave
patterns (timing and location) together with the correlated large-scale circulation patterns. This will en-
able to devise early warning systems, that could help mitigate the impact.

The goal is to improve the forecasts of heatwaves over the European region on the sub-seasonal scale
(10 to 60 days). In the first part we evaluate links between large scale weather patterns and severe warm
events over Europe. We identify 5 main heatwave types and associated atmospheric circulation by apply-
ing a k-means clustering method and using ERAS reanalysis data from ECMWE. We further determine
key characteristics of these circulation patterns influencing heat wave occurrence. We investigate the
potential impact of tropical forcing on heatwaves. We use a simplified index to monitor the Boreal Sum-
mer Instraseasonal Oscillation (BSISO) and determine the importance of tropical forcing on heatwave
occurrence.

In the second part, we measure the current level of predictive skill of the ECMWF model. Using
reforecast data, we assess the capacity of the model in predicting extreme temperature and identifying
the circulation patterns responsible for heatwaves. We then use the previous findings to estimate how
the forecast of heatwaves can be improved in the sub-seasonal scale. The circulation patterns associated
with heatwaves are used to infer the probability of extreme surface temperatures. The forecast is further
analysed by determining the influence of the BSISO on confident and accurate forecast.

This work 1s part of the Climate Advanced Forecasting of sub-seasonal Extremes (CAFE) project,
funded by the European Union’s Horizon 2020 research and innovation programme under the Marie
Sktodowska-Curie grant agreement No 813844.
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What are the dynamical drivers of large-scale 100-year and more moderate
extreme precipitation events over Central European river catchments?
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The largest impacts of extreme river floodings are caused by very rare events with return periods on
the order of 100 years. Within the last two decades, several extreme precipitation events occurred over
Central European river catchments (e.g. Elbe, Oder or Danube) and triggered severe flooding events.
Previous studies mainly focused on single analyses of these historical events [1, 2].

In this project, a robust analysis of the general atmospheric dynamics of 100-year precipitation ex-
tremes and their differences to more moderate extreme events (20- to 50-year) is processed. In order
to do so, operational ensemble prediction data from the ECMWF with several ensemble member are
used, based on the methodology of [3]. From all simulations, the daily precipitation sum of each 10th
forecast day is selected. Several statistical analyses are processed beforehand which ensure the usability
of the ensemble data set. These realistic but simulated daily precipitation fields add up to a time series of
about 1200 years from which several 100-year and more moderate extreme events can be selected. The
dynamical drivers are identified by composite analyses.

In a first step, the dynamics of 100-year extremes are identified. Such events are generally associated
with an upper-level trough over Western Europe the day before the event. This trough cuts off while
moving towards the southeast of the specific river catchment. This is also in combination with a surface
cyclone at this position, as it is shown in Fig. 1 for events over the Danube catchment. Additionally, high
atmospheric moisture is available in the lower troposphere and is mainly advected from Mediterranean
areas and Eastern Europe.

In a second step, the 100-year event dynamics are compared to those of more moderate extreme
events. Analyses of certain catchments like Danube show that more intense precipitation events are
associated with an intensification of dynamical mechanisms like an intensified upper-level and surface
cyclone. Thermodynamic characteristics do not play a major role. However, catchments like Elbe show
the opposite. Here, increased thermodynamic characteristics like higher temperatures and an increased
moisture supply in the lower troposphere east of the catchment are more important for intensified pre-
cipitation extremes than changes in dynamical mechanisms, as it is shown in Fig. 2.

Upcoming analyses include climate simulations of the CESM Large Ensemble in order to analyse
the atmospheric dynamics of such extreme precipitation events in a warmer climate and their changes to
events in the current climate.

References

[1] C. M. Grams et al., Atmospheric processes triggering the central European floods in June 2013,
Natural Hazards and Earth System Sciences 14, 1691 (2014), 10.5194/nhess-14-1691-2014.

[2] U. Ulbrich et al., The central European floods of August 2002: Part 2-Synoptic causes and consid-
erations with respect to climatic change, Weather 58, 434 (2003), 10.1256/wea.61.03B.

[3] @. Breivik et al., Wave extremes in the northeast Atlantic from ensemble forecasts, Journal of
Climate 26, 7525 (2013), 10.1175/JCLI-D-12-00738.1.

107



Figure 1: Composite of the geopotential height at 500 hPa with the sea level pressure composite as contours for all identified
100-year precipitation events over the Danube catchment.

Figure 2: Difference between the 100-year and more moderate extreme event composite of the specific humidity at 850 hPa
for events over the Elbe catchment. Positive (negative) values represent higher (lower) values in the 100-year composite.

Significant differences are marked by black dots. The composite for more moderate extreme events is shown as black
contours.
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High-resolution modeling of historical forest fires in the canton of Bern
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Forest fires are considered an important hazard in forested areas and a serious threat to forest ecosystem
and buildings. The combination of drought, high temperatures and wind, increases the risk of forest fires.
To better understand the fundamental causes and consequences of fire, we need to study the historical
fire regimes. In this study, the meteorological conditions were simulated with the WRF model (Weather
Research and Forecasting; Skamarock et al. 2008) for three historical forest fires, in the Canton of Bern,
Switzerland (La Neuveville, April 1893, Simmenflueh, August 1911, Kirchberg, April 1915). In terms
of area, these are the largest fires in the canton of Bern in the Swiss fire database. The "Twentieth Cen-
tury Reanalysis" version 3 (20CRv3, Slivinski et al. 2019) was used as a boundary condition. 20CRv3
has a spatial resolution of about 75 km and a temporal resolution of three hours. Using WRF version
4.1.2 20CRv3 has now been gradually downscaled to a resolution of 1x1km? . Simulations suggest that
the soil had dried out in the previous week and soil moisture had reached low values on the day the fire
broke out. High-resolution fire weather indices are also calculated. A lack of precipitation and high
temperatures led to high forest fire index values and a high to very high risk of forest fires.
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Dynamical and thermodynamical contribution to contrasting trends in hot
extremes over Midwest USA and Central Europe

Jitendra Singh!, Sebastian Sippel', Erich Fischer!

nstitute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland

Previous studies have identified significant cooling of hot extremes over Midwest USA and warming
over central Europe (CEU). We use multiple observations and Earth System Model large ensemble sim-
ulations to investigate whether these contracting trends are due to regional weather pattern changes
dominated by dynamical and thermodynamical components. Based on preliminary analysis, we find
consistent contrasting trends over these regions in various observations, although the trend magnitudes
vary. Overall, model simulations reproduce the observed trend over central Europe but fail over Midwest
USA. Further, we employ dynamical adjustment technique to isolate the dynamical and thermodynam-
ical contributions to the forced trends in hot extremes. Forced trends in hot extremes is largely driven
by thermodynamical component, however, circulation contribution systematically increases for longer
duration events over CEU and Midwest USA in both model and observations. Further, observational
dynamical adjustment analysis reveals that circulation strongly contributes to weaken the trend in hot
extremes over Midwest USA and to amplify the trend over CEU.
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Spatio-temporal Interactions of Socio-economic Risks due to Multiple Extreme
Events in a Changing Climate

Stalhandske Z.!, Steinmann C. 2, Schmid E. 2, Miihlhofer E. !, Liithi S. 1>, Bresch D. N. %,
Kropf C. 1?2

! Institute for Environmental Decisions, ETH Zurich, Zurich, 8092, Switzerland
2 Federal Office of Meteorology and Climatology MeteoSwiss, Zurich-Airport, 8058, Switzerland

Climate change is transforming natural and socio-economic systems in all parts of the world, leading
to changes in extreme event risks. Most areas of the world are experiencing increased frequencies and
intensities of several climate extremes. We may also observe more socio-economic impacts from these
events in some areas because of high population density, or because of higher vulnerability. Previous
studies have assessed how extreme events are changing with the climate, and how populations’ risk of
being exposed to several extremes will evolve [1, 2]. This allows to investigate spatial correlations of
extremes and to highlight so-called hotspots of climate change [2]. But as these climate extremes are
often driven by common physical processes, they do not only tend to occur in the same geographic area,
but they may also be correlated in time.

We here apply a consistent modeling framework to investigate several risk models in a changing
climate, including river floods and tropical cyclones effects on infrastructure, as well as crop failures.
We study historical impacts, as well as three times ranges for future climates (2030-2050, 2050-2070
and 2070-2090) under the RPC2.6 and RCP6.0 climate scenarios. The analysis builds on top of single
risk models as implemented in the open-source probabilistic natural hazard platform CLIMADA [3] and
on data from the Inter-Sectoral Impact Model Intercomparison Project [4]. We define events of each risk
as the global yearly impact and combine these events consistently based on common physical drivers
stemming from the climate model data. This allows to investigate both spatial and temporal correlations,
and how these will evolve under climate change. This event-based approach additionally allows to
study tail risks and return periods of combined risks. The methods are implemented in the CLIMADA
framework for further analysis. To this aim, hazard and exposure data are also provided through the
CLIMADA API at a global and country scale.
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Response of physical processes in atmospheric blocking to climate change

Daniel Steinfeld!, Michael Sprenger?, Urs Beyerle? and Stephan Pfahl®

!Institute of Geography and Oeschger Centre for Climate Change Research, University of Bern, Switzerland
2Institute for Atmospheric and Climate Science, ETH Ziirich, Switzerland
3Institute of Meteorology, Freie Universitit Berlin, Germany

Weather extremes are often associated with atmospheric blocking, but how the underlying physical pro-
cesses leading to blocking respond to climate change is not yet fully understood [1]. Here we track blocks
as upper-level negative potential vorticity (PV) anomalies [2, 3] and apply a Lagrangian analysis [4] to
100 years of present-day (~2000) and future (~2100, under the RCP8.5 scenario) climate simulations
restarted from the CESM Large Ensemble Project runs (CESM-LENS) to identify different physical pro-
cesses and quantify how their relative importance changes in a warmer and more humid climate. The
trajectories reveal two contrasting airstreams that both contribute to the formation and maintenance of
blocking: latent heating in strongly ascending airstreams (moist processes) and quasi-adiabatic flow near
the tropopause with weak radiative cooling (dry processes), as illustrated schematically in Fig. 1. Both
airstreams are reproduced remarkably well when compared against ERA-Interim reanalysis, and their
relative importance varies regionally [5, 6]. Moist processes dominate in blocks over the ocean through-
out the year and over the Asian continent in summer, while dry processes dominate in Ural blocks in
winter, European blocks in summer, and high-latitude blocks over the Arctic.

The response of blocks to climate change is complex and differs regionally, with a general increase
in the importance of moist processes due to stronger latent heating (+1 K in the median over the North-
ern Hemisphere) and a larger fraction (+15%) of strongly heated warm conveyor belt airmasses, most
pronounced over the storm tracks. Future blocks become larger (+7%) and their negative PV anomaly
slightly intensifies (+0.8%). Using a Theil-Sen regression model, we propose that the increase in size
and intensity is related to the increase in latent heating, resulting in stronger cross-isentropic transport
of air with low PV into the blocking anticyclones. Our findings provide evidence that moist processes
become more important for the large-scale atmospheric circulation in the midlatitudes, with the potential
for larger and more intense blocks.

Figure 1: Schematic illustration of the dry and moist processes that contribute to the formation and maintenance of at-
mospheric blocking. Air masses with anomalously low potential vorticity (PV) are transported into the upper-level block
either in ascending warm conveyor belt (WCB) airstreams with strong latent heat release ahead of an extratropical cyclone
(red airstream) or quasi-adiabatically in near-tropopause airstreams along the amplified upper-level jet with weak radiative
cooling (blue airstream).
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Wildfires are devastating events destroying large parts of physical assets exposed to them in many
regions of the world. Therefore, a high-resolution hazard model is needed to accurately assess economic
impacts caused by wildfires. Moreover, a probabilistic representation of the hazard covering the range
and likelihood of possible wildfire seasons under certain conditions allows for a more comprehensive
risk assessment, which is crucial for many applications, among others the prioritization of adaptation
measures and the pricing of insurance.

In this work we build upon the existing wildfire hazard model [1] available on the open-source climate
risk modelling platform CLIMADA (CLIMate ADAptation). Based on Fire Information for Resource
Management System (FIRMS) satellite data and physical constraints, such as land cover and population
density, a random walk generator appoints a probability of fire ignition and propagation to every grid
cell. Moreover, a normally distributed regional propagation probability is calibrated to reproduce the
historic inter-annual variability in burnt area in the study region. Stochastic wildfire events are then gen-
erated based on these probabilities.

The Inter-Sectoral Impact Model Intercomparison Project ISI-MIP provides the monthly fraction of
burnt area from dynamic global vegetation models for present and future climate conditions. These
models account for complex processes such as the accumulation of biomass (fuel load). However, their
output resolution of 0.5° is too coarse for assessing economic impacts. Therefore, stochastic fire sea-
sons under different climate change scenarios are computed by transferring changes in annually burnt
area from the ISI-MIP model outputs into the regional propagation probability of the stochastic wildfire
model.

Lastly, economic impacts are computed as the combination of this newly developed hazard, an ex-
posure [2] and a vulnerability, represented by an impact function that was calibrated on historic fire
damage data [1]. This results in a globally consistent model of wildfire risk to physical assets for fire
prone countries under present and future climate conditions.
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Extreme impacts can be caused by the compounding effects of multiple drivers, such as weather events
that might not individually be considered extreme[1]. An example of this is the phenomenon of ‘false
spring’, where a combination of a warm late winter or early spring, followed by a frost once the plants
have entered a vulnerable stage of development, results in severe crop damage. The relationships be-
tween growing-season climate conditions and end-of-season crop yield are complex and nonlinear, and
improving our understanding of such interactions could aid in narrowing the uncertainty in estimates
of climate risk to food security. Additionally, data-driven methods that are capable of identifying such
compounding effects could be useful for the study of other sectoral impacts.

Machine learning is an option for capturing such complex and nonlinear relationships for yield pre-
diction. In order to extract these relationships, explainable or interpretable machine learning has been
identified as a potential tool[2, 3]. However, the usefulness of those extracted interpretations is depen-
dent on the assumption that the model has learned the expected relationships. One prerequisite for this
assumption is that the model has sufficient predictive skill. The method chosen for measuring model per-
formance is therefore an important methodological decision, but as yet the ‘best practice’ when handling
spatiotemporal climate data is not clearly defined.

In this study we train machine learning models to predict maize yield variability from growing-season
climate data, using global climate reanalysis data and corresponding driven process-based crop model
output. We assess the impact of the cross-validation procedure used for model skill measurement on
each step of the modelling process: hyperparameter tuning, feature selection, performance evaluation
and model interpretation. We show that the method of evaluating model skill has significant impacts
on results when using interpretable machine learning methods. Our results suggest that the design of
the cross-validation procedure should reflect the purpose of the study and the qualities of the data used,
which in our case are highly-correlated spatiotemporal climate and crop yield data.
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Atmospheric effects and precursors of rainfall over the Swiss Plateau

W. Wang'?, K. Hocke!*

'Institute of Applied Physics, University of Bern, Bern, Switzerland
2Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland

In recent years, there has been growing interest in characterizing atmospheric conditions prior to rain
events using integrated water vapor (IWV) derived from ground-based microwave radiometers (MWR).
However, the occurrence of rainfall depends on a myriad of atmospheric parameters. This paper uses a
composite analysis method to analyze various atmospheric parameters that affect rainfall over the Swiss
Plateau during the period 2011-2020. 1199 rainfall events generated from the TROpospheric WAter
RAdiometer (TROWARA) with a 7 s temporal resolution are combined with fields from weather station
records. Different weather time evolution characteristics such as IWV, integrated liquid water (ILW),
cloud-bottom infrared temperature (IRT) along with meteorological parameters, temperature, pressure,
relative humidity, wind speed, and air density are identified before, during, and after rainfall. Regardless
of seasonality or rainfall duration, a sharp increase in the IWV, ILW, and IRT before rain, and all the
meteorological parameters reach the extreme 0.5 to 1 hour before rain starts. IWV at the end of the rain
is lower than at the beginning, and it filtered by the 10-min band pass filter fluctuates significantly before
rain. Air density drops 2 to 6 hours before rain starts. The true detection rate for rainfall prediction
from air density alone as one of the precursors reaches 60%, as shown in Figure 1. Applying all these
parameters to jointly predict rainfall is possible to obtain higher prediction accuracy.

Figure 1: Composite of air density 16 hours before and during rain. Red dots represent the 6 hours, 2 hours before rain, and
the onset of the rain. The subplot is from 60 minutes before rain to the onset of rain. A total of 784 rain events.
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In the 21st century, an increasing global population will be exposed to various risks caused by climate
change, creating multi-risk hotspots in some areas. The impact of these risks on people’s lives will not
only depend on the geophysical climate change hazards, but also on the population’s vulnerability, its
spatial distribution, and its capacity to adapt. Going beyond previous climate impacts assessments by
combining various climate impact indicators with socioeconomic projections from the Shared Socioe-
conomic Pathways (SSPs) [2, 3], Byers et al. [1] carried out a global analysis to examine this interplay
for different levels of global warming. They found that although multi-sector risk hotspots are limited
to a small fraction of the land surface, the number of people affected will be large, with the poorest dis-
proportionately impacted [4] and the population exposed to multi-sector risks almost doubling between
1.5°Cand 2°C [1].

Building on this work, we are using the latest Inter-Sectoral Impact Model Intercomparison Project
(ISIMIP) data [5, 6] to calculate several impact indicators spanning the land-water-energy nexus. By
adding indicators based on the Climate Change Indices established by the Expert Team on Climate
Change Detection and Indices (ETCCDI) [7], we are extending the analysis to the impacts of atmospheric
extreme events. Furthermore, we are expanding the levels at which the change in hazard between the
historical baseline and future conditions is assessed to 1.5°C - 3.5° C (with the option to interpolate
between these levels for even more detailed results), thereby shifting the focus to avoided impacts and
the potential range of benefits that limiting the increase in global mean temperature could have.

Figure 1: Global Hotspots Explorer website.

This new analysis also creates the opportunity to further explore the definition of vulnerability. Byers
et al. [1] combined the multi-sector score maps with gridded socioeconomic projections of population
size [8] and GDP [9] from the SSPs and used an income threshold of $10/day based on definitions from
the World Bank [10] to estimate vulnerable population. By adding other vulnerability measures, such
as projections of future governance, adaptive capacity [11], or inequality [12, 13] in line with the SSPs,
we could provide a more complete view of risk that allows the identification of societal climate impact
hotspots.
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Uncovering locations that are prone to multiple risks will ultimately aid with establishing where
vulnerable populations will benefit most from mitigation action. To facilitate the use by a wider public,
we will be hosting the resulting global risk hotspot maps online (Fig. 1) and present the impacts alongside
mitigation pathways to better contextualize the benefits, tradeoffs and avoided impacts of mitigation.
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Dynamical Drivers of Extreme Rainfall in Europe
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Sub-daily extreme rainfall events can trigger flash flooding in Europe, while daily and longer extreme
rainfall can lead to fluvial flooding. Recent research has shown that the frequency and intensity of
these extreme events will increase as global temperatures rise [1, 2]. This means we urgently need to
improve our methods of forecasting when and where they may occur. Enhancing our understanding of
the dynamical processes driving these events is essential to this, as large-scale atmospheric circulations
have a much higher forecast skill (at longer lead times) than local-scale rainfall events [3]. Therefore,
this project aims to identify relationships between large-scale dynamical drivers and the occurrence of
extreme rainfall on different timescales.

A climatological analysis of the frequency, intensity and timing of extreme sub-daily rainfall events

in Western Europe has been undertaken using a set of newly developed indices generated from the
quality-controlled Global Sub-Daily Rainfall (GSDR) dataset [4]. The results of this analysis show
strong seasonal and spatial patterns in the characteristics of extreme events across Europe, with a general
spatial pattern of lower intensity and frequency in Northern regions moving to highest intensities and
frequencies of events in Southern regions. The intensity and frequency of extreme events both peak in
the same season in each region, with the timing of the peak changing from summer to autumn moving
south through Europe. This work provides a climatology of the timing and distribution of sub-daily
extremes to accompany existing climatologies for daily extremes.
Temporal correlation of sub-daily extreme events with large-scale weather patterns from the Met Office’s
set of 30 weather patterns [5] has been used to identify the large-scale conditions that tend to produce
these extremes, with a small sub-set of the weather patterns so far identified as being associated with
the majority of extremes. This information will subsequently be combined with reanalysis data to build
an improved understanding of the specific atmospheric conditions leading to sub-daily rainfall extremes
across Europe.

An on-going assessment of the connections between daily (and longer) extreme rainfall and Rossby
Wave activity has so far revealed that the Local Finite-amplitude Wave Activity (LWA) metric [6] can be
used to identify the local wave activity associated with periods of extreme rainfall. This will lead onto an
investigation of the extent to which these connections can be utilised both in medium-range forecasting
and in climate model evaluation of future extremes.

Research Questions:

» Can specific atmospheric conditions associated with certain weather patterns be identified as
drivers (and predictors) of sub-daily rainfall extremes in Europe?

* Is it possible to develop sets of local wave activity patterns that frequently occur in coincidence
with daily rainfall extremes using the LWA metric?

* Can the development pathway of the local wave activity associated with extremes be traced back
far enough to be of use for forecasting?
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Wave mechanisms for heat waves in the extratropical atmosphere
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While extratropical heatwaves have been projected to become more frequent with climate change, the
governing mechanisms remain uncertain [1]. To increase confidence in projections, an improved un-
derstanding of Rossby wave propagation and amplification away from source regions is necessary since
persistent weather extremes are frequently associated with anomalous synoptic-scale waves [2]. Usu-
ally, synoptic-scale waves with zonal wavenumbers five to eight travel eastward around the globe with a
phase speed of approximately 10 ms~!. But during episodes with concurrent weather extremes around
the globe such as August 2003 or July 2010 synoptic-scale waves exhibit a large stationary component.
It has been hypothesized that synoptic-scale waves are enhanced by diabatic processes via resonant am-
plification when these waves cease from eastward propagation and become stationary. The reason for
the stalling of the waves, however, remains unclear.

In our study, we focus on the role of the extratropical waveguide to answer the question of how
changes in the basic state can influence the occurrence of climate extremes. A mechanism based on
barotropic dynamics and ray tracing theory has suggested that a strong and narrow westerly jet will
foster future occurrences of stationary synoptic-scale waves [3]. On the other hand, this mechanism has
been criticized for the applicability of ray tracing theory and the linearity approximation [4, 5]. Here we
develop an idealized atmospheric model to investigate the role of baroclinic dynamics in the stalling of
synoptic-scale waves during extreme events.

In addition to the process understanding gained from the idealized model, we analyze data from the
atmospheric reanalysis product ERAS5 to compare the climatological wave characteristics with statistics
of extreme events. Two different approaches for diagnosing wave characteristics — spectral analysis [6]
and wave packet amplitudes [7] — emphasize either the circumglobal nature of waves or their locality
in space and time. Both approaches are successful in identifying stationary synoptic-scale waves in the
upper troposphere that are linked to temperature extremes at the surface. In reverse, we use composite
analysis to relate extreme wave characteristics to changes in the basic state compared to climatology and
evaluate the choice of the baroclinic model.
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In Switzerland hail regularly causes substantial damage to agriculture, cars, and infrastructure. However,
addressing hail damage is challenging, as hail is related to severe thunderstorms, one of the most complex
atmospheric phenomena due to its small spatial scale, vigorous development, and the intricate physical
interactions. In a changing climate, hail frequency and its patterns of occurrence are expected to change,
which can largely impact eg. agricultural hail losses. The new Swiss hail climatologies [1, 2, 3] revealed
significant interannual hail variability that differs between the north and the south side of the Alps.
Understanding the drivers of this variability is essential for possible adaptation strategies. In contrast to
North America, where important drivers of interannual variability of severe convection are well studied
(see [4, 5]) a comprehensive analysis of the long-term variability of hail in Switzerland is still missing.

Therefore, in this study, a daily hail time series for Northern and Southern Switzerland from 1950 to
today is produced from radar hail proxies and ERA-5 reanalysis data. Daily POH data from MeteoSwiss
is used to identify haildays in the region north and south of the Alps (see 1) from 2002 to 2021 for the
hail months April - September. The decision hailday yes/no is based on surpassing a POH > 80 for a cer-
tain minimum footprint area of the domains (80" percentile). Next, a logistic regression model is built
for each domain to predict the occurrence of a hailday depending on different environmental variables
and indices. The predictors are chosen based on model performance, collinearity, and expert judgement.
Seasonality, as well as long-term trends in the data, are addressed with different methods. With the
two best models, haildays are then predicted back to 1950 to get the final timeseries. The time series
will then be used to study the local and remote drivers of interannual variability, e.g. central European
weather types, cold fronts, large-scale variability patterns, etc., as well as to study past changesand shifts
in hailstorm seasonality.

With this knowledge, we could advance our understanding of the meteorological-climatological variabil-
ity and change, as well as contribute to adaptation strategies to strengthen societal resilience against hail
risk.

Figure 1: The domains south of the Alps (green) and north of the Alps (blue) overlaid on a topographical map. The areas fall
within a 140 km radius of the five Swiss weather radar stations. Figure from [6].
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Simulations of past and future Antarctic ice sheet (ALS) evolution depend, besides the intrinsic model
specific uncertainties, on the applied climatic forcing as shown by [1]. To model the past, present and
future Antarctic Ice Sheet, a large set of different forcings from global and regional climate models,
is available. Especially for simulation of the past, it is a common technique to use present-day high
resolution forcings together with Paleo-anomalies from coarser climate models [2]. This results in un-
certainties from both, the regional high resolution and coarse global forcing field. For a more complete
understanding of the modeled ice sheet dynamics, it is therefore critical to understand the influence and
the resulting model differences and uncertainties associated with those climate forcing choices.

In this study we examine the impact of different climatic forcings onto the equilibrium state of
the AIS for past and present-day conditions. We apply past (LGM, LIG, mid-Pliocene warm period)
and present-day climatic forcings from regional (RACMO2.3p3, MAR3.10, HIRHAMS and COSMO-
CLM2) and global (PMIP4 ensemble) climate models onto the Parallel Ice Sheet Model (PISM v.2.0
[3]). Further, we investigate the response of the ice dynamics, the total ice mass, its distribution, and
the grounding line dynamics of the modeled equilibrium ice sheet under varying ice sheet sensitivity
parameterizations. In this context we have a special interest in non-linear response of the ice sheet to the
before mentioned forcings and its implication on potential model output uncertainties.

With this analysis, we aim to gain a better understanding of AIS modelling uncertainties due to the
applied climatic forcings and parameterizations, which will improve the assessment of modeled past
ice-sheet evolution.

Figure 1: Relative Antarctic ice thickness deviation from mean for the LGM using MAR3.10, COSMO-CLM?2,
RACMO2.3p3 and HIRHAMS model output together with MIROC-ES2L LGM anomalies.
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Marine extreme events can be detrimental to organisms and ecosystems across the global ocean. Marine
heatwaves (MHW), ocean acidification, and low oxygen extremes occur everywhere, superimposed on
the already changing trends of temperature, pH, and oxygen. When such extremes occur spatially or
temporally close together, the synergistic effects of such compound events may exacerbate the impact
on marine organisms[1]. While MHWs have been studied extensively, there has been less focus on
extremes associated with ocean acidification (OAX) and low oxygen conditions (LOX), and even less on
compound extremes. Furthermore, many studies on marine extremes are conducted only on the surface,
or at a specified depth.

We use daily output from a hindcast simulation from the Community Earth System Model v1.3 for
the period 1961-2020 to assess the characteristics of such compound extremes. A seasonally varying
percentile threshold[2] on a moving baseline in combination with an absolute low oxygen threshold is
used to identify extreme conditions in each grid cell. The vertical water column down to 300m is then
identified as extreme when at least 50m is extreme with respect to each extreme type.

Our analysis shows that a large proportion of extremes in the 300m water column are driven by El
Niiio and La Nind events, leading to co-located and co-temporal compound events. The results show
that the tropics and subtropics have a high propensity for compounded MHW and OAX events, experi-
encing high habitat contraction within the vertical water column. Eastern boundary upwelling regions
are also hotspots for compounded OAX and LOX events. The results of this study provide an overview
of the propensity and vertical extent of compound events, motivating the postulation of their drivers and
mechanisms. These drivers and mechanisms can be further investigated in higher resolution regional
models.

Figure 1: Co-occurence propensity of column-compound marine extreme events.
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Using analogues to understand future heatwave events
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As global surface temperatures continue to rise, both the duration and the intensity of heatwaves across
most land areas is expected to increase. In this research, past European summer heatwave events de-
tected between 1878 and 1925 from long station data are projected into future warming scenarios using
the analogue method. Heatwave activity on daily scales between 1878 and 1925 was found to be con-
siderable and comparable in some cases to modern heatwave events in the UK. Therefore, past extremes
offer an interesting case study and can be projected into future warming scenarios to understand their
extent and potential impacts in a warmer world.

Temporal analogues use data from past events to serve as analogues of expected future conditions.
The advantage of this approach is that events that actually occurred are used to characterize potential
future events. This could provide information for local-based adaptation [1].

The analogues method is a way to estimate temperatures observed during similar pressure or ‘flow’
conditions to a past event developed by [2]. For each day of a summer heatwave in 1911 detected
using station data, ten flow-analogues are selected from z500 pressure maps from 1981 to 2015 from
the 20th Century Reanalysis in a 30-day window centered on that day. The analogues are selected by
maximizing the Spearman’s correlation and minimizing the Euclidean distance of daily z500 maps. The
corresponding temperature is defined as the mean of the temperatures from the ten analogues [3]. The
result being that the 1911 heatwave event was still anomalously warm compared to current heatwave
events with a similar circulation pattern particularly in the UK and central Europe. This was expected
due to the extremity of the 1911 event. The next step will be to use this event to find an anologue in
historical and then future climate simulations in the model world.

The analogue method has been used in previously studies to demonstrate that present-day greenhouse
gases could cause more frequent and longer Dust Bowl heatwaves in North America’s Great Plains[4]
and has been used to show that the cold winter of 2010/11 in Europe was an example of a cold winter in a
warming world as similar dynamics were generally associated with even colder temperatures in previous
years [3].

Current analogue studies tend to make comparisons between past events and present conditions.
Less studies use analogues to project past events into the future which this research project aims to
do. In addition, few studies that focus on how extremes are changing through time, begin with a real,
observed example of an extreme event in a particular location and aim to project that single example into
the future. This could provide a strong visual representation of changes due to global warming and could
act as a communication tool for adaptation [1].
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Lakes in anthropogenically influenced environments often experience anoxia due to high nutrient inputs
from agricultural activities. Recently, there has been increasing evidence of the presence of anoxic
events throughout the Holocene. However, we still have little knowledge of the triggers of anoxic events
in lakes in pre-anthropogenic conditions. Thus, the lake response to the driving factors such as natural
abrupt climate changes (e.g., Dansgaard-Oeschger Cycles) and nutrient cycling (P, Fe, Mn) is studied to
understand the occurrence of lake anoxia in pre-anthropogenic conditions.

We aim to identify anoxic events in several lakes to test the regional synchronicity and understand the
impact of abrupt climate change on the lake anoxia occurrence. Further, a pattern in lake biogeochemical
response to rapid warming will be described. We will investigate whether the lakes recovered to their
original status before the eutrophication event. If so, we aim to determine, through high-resolution proxy
records, how long it takes for a lake ecosystem to recover from a eutrophication/anoxic event.

Hyperspectral imaging will provide high-resolution data on relative changes in primary productivity and
anoxic conditions, whereas HPLC pigment analysis will provide further information on the pigment
producers and lake community changes. Additionally, iron, phosphorous and manganese extraction will
be used to constrain the effect of changing redox conditions on nutrient cycling.

We expect to observe an abrupt response of the lake community right after the temperature increase,
as well as changes in nutrient availability connected to anoxia. After the abrupt eutrophication and
formation of anoxia, we expect a typical succession of restoration of the lake ecosystem across space
and time.

Results of this study will bring crucial knowledge on a regional lake’s response to eutrophication trig-
gered by natural factors, such as abrupt climate change or nutrient release from the sediment. The con-
nection between climate change and lake biogeochemical responses is essential for future projections,
e.g., lake ecosystem protection strategies or drinking water reservoir management.
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Weather forecasting centres around the world currently rely on statistical postprocessing methods for
minimizing forecast error [1]. While allowing for major skill improvements, this often leads to pre-
dictions that violate physical principles and disregard dependencies between variables. However, for
various impact-based applications such as hydrological forecasting or heat indices, it is important to pro-
vide forecasts that not only have high univariate accuracy, but also are physically consistent, in the sense
of respecting physical principles and variable dependencies.

Achieving physical consistency remains an open problem in the postprocessing of weather forecasts,
while this question has recently gained a lot of attention in the wider deep learning community and
climate field [2]. Recent contributions show that physical consistency may be pursued by applying dif-
ferent forms of constraints to deep learning models. The most widely used approaches are to incorporate
physics via regularization, by defining physics-based losses in addition to common metrics such as mean
squared error, or to define custom-designed model architectures, such that the physical constraints are
strictly enforced.

Building from the methodology proposed by [3] we investigate the application of the aforemen-
tioned approaches for the postprocessing of a set of variables related to surface temperature and hu-
midity, specifically temperature, dew point, surface pressure, relative humidity and water vapor mixing
ratio. As baseline, we use an unconstrained fully connected neural network. We consider the simple
case of postprocessing at a single location, and we show how it is possible to incorporate domain knowl-
edge, specifically thermodynamic relationships, via analytic constraints, to obtain physically consistent
postprocessed prediction. We implement the following constraints:

RI — T’T — er ( . )’ r = P,T = d 3 (3)
(T, 1) P\oxT, b7 o8 1) P_C'eXp(l;iTTi)

that are either incorporated in a model’s architecture, or used to compute a physical violation term P that
is then added to the loss function like the following:

L.=(1—a)l+aP @)

where « is a hyperparameter used to scale the contribution of the physics-based loss. The considered
approaches are represented schematically in Fig. 1.

We compare different approaches and demonstrate that we can enforce physical consistency without
degrading performance, or even improving it, as shown in Fig. 2. Furthermore, we discuss additional
advantages and disadvantages of these approaches in the context of postprocessing, besides error reduc-
tion. In line with the scope of this summer school, part of our analysis focuses on generalization and
robustness to extreme values.
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Figure 1: Schematics of three approaches for postprocessing multiple variables: a traditional, unconstrained approach, a
loss-constrained model that optimizes L. and a architecture-constrained model that incorporates the constraint functions in
Eq. 3 in a custom layer.

Figure 2: Left: physical consistency of predictions for the three approaches, represented by the ratio between the predicted
RH and the one derived using the constraint function f(7',T,), as a function of RH. As expected, physical violations
(represented by deviations from a ratio of 1) are significantly reduced by the loss-constrained approach and brought to zero
with the architecture-constrained approach. Right: univariate forecast accuracy represented by the mean absolute error.
Overall, the performance in comparable for all approaches, with slightly better results for the loss-constrained approach.
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Primer: The recent Pacific Northwest heatwave in June 2021 is widely considered a prime example of
a record shattering low-likelihood extreme event [1], exceeding previous annual temperature maxima by
large margins. The event intensity was generally perceived to be far beyond what was to be expected
from historical data (c.f. Fig. 1). It has been argued that the event would have been deemed essentially
impossible, i.e. having an infinite return period, if estimated based on the historical record of one-day
annual maximum temperature Tx1d, even when taking the warming trend into account [2]. This raises
the question whether the non-stationary extreme value modelling approach, a widely used probabilistic
framework applied to assess the likelihood of such extremes, yields systematically biased estimates
determining the tail characteristics of the distribution.

Figure 1: ERAS-Land time series of annual maxima in daily mean temperature in the Pacific North-West area. The dia-
mond marks the value of the 2021 heatwave, further statistical estimates (conditional GEV densities, trends in Tx1d and the
estimated upper bound) are also annotated.

Research objective: We here aim at understanding why the intensity of the event exceeds the upper
bound of the estimated distribution when only using data up to the year before the event. We quantify
the contribution of a multitude of factors for a generalized extreme value distribution GEV G, with a
non-stationary parametrization (where the location parameter y is a linear function of global mean sur-
face temperature 7', c.f. Eq. 1) to be too conservative in the characterisation of tail events, especially
in the context of heatwaves. We analyse how physical properties of heat extremes materialise in statis-
tical effects contributing to potential biases in the GEV parameter estimation, as well as some inherent
deficiencies of the GEV in its application to heat extremes with limited sample size due to asymptotic
properties.
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Data & Methods: In order to test the respective hypotheses, we analyse climate model output of single
model initial condition large ensembles (SMILEs), primarily an ensemble of 84 transient historical and
RCP8.5 simulations performed with the Community Earth System Model CESM1, and an ensemble
of 100 transient historical and SSP3-7.0 simulations performed with CESM2. The results are further
verified using additional CMIP6 climate model and ERAS reanalysis data.

Preliminary results and outlook: We find that non-stationary return period estimates tend to be sys-
tematically biased high when estimated on the historical records up to a year before a record-shattering
event, which is a standard practice in applications of this framework. We here disentangle the reason
responsible for potential biases in the estimates. We find that even in case of stationary extremes, the
asymptotic nature of the GEV distribution applied to finite data favours an underestimation of the shape
parameter, which has substantial effects on the characterisation of the tail, inducing biases in estimates of
widely used tail measures (exceedance probabilities, return periods), and derivatives thereof (risk ratios,
fraction of attributable risk). The conditional effects of non-stationary components like global warming
on heatwave intensity are potentially further underestimated due to internal variability and noise in the
covariates.
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Ice cores represent archives that contain information about past climatic conditions such as the compo-
sition of the atmosphere. By melting the ice and analysing the enclosed impurities, climatic variations
can be reconstructed. Of these impurities, insoluble particles are of interest due to their influence on the
ocean biogeochemistry and the Earth’s radiative balance. Changes in their concentration, size distribu-
tion or mineralogy reflect alterations in the source regions, transport, or deposition mechanisms [1]. The
particles can be classified as dielectric or absorbing. Mineral dust is mostly non-absorbing or only very
weakly absorbing. Its main source regions for Northeast Greenland ice cores are the East Asian deserts,
whereas absorbing particles originate from combustion processes most likely in North America.

To investigate the particles and to quantify the past changes in their concentration and properties, the
Classizer One instrument, which is based on the novel single particle extinction and scattering (SPES)
method, has been incorporated into the continuous flow analysis set-up in Bern. The method allows
for high-resolution continuous and simultaneous measurements of particle number, size, and refractive
index in the size range of 0.2 to 2 pum [2]. This size range covers the maximum of the particle number
size distribution expected in polar ice cores, which has been inaccessible by previously available contin-
uous particle sizing methods with typical lower size detection limits of around 1 gm. Thus, while most
of the mass of mineral dust was observed, the majority of the dust particles was not. Furthermore, the
new method allows for a distinction between absorbing and dielectric particles for periods of low dust
concentration.

The instrument was used to measure part of the main and two shallow cores drilled at the EGRIP site
in Northeast Greenland. Here, we will focus on the absorbing particle concentration record obtained
with this instrument for the early Holocene up to the year 8000 b2k and for the last millennial. The
anthropogenic effect on the absorbing particle concentration and seasonality can be seen in both firn
cores. It is characterised by an increase in concentration after the industrial revolution and a decrease to
preindustrial levels after reaching its peak shortly after the turn of the century. These results are compa-
rable to studies of black carbon in Greenlandic ice cores [3]. This and the simultaneous occurrence of
peaks in the absorbing particle record and the wildfire proxy ammonium suggest that the SPES method
can be used to determine the absorbing particle concentration accurately and that significant natural and
anthropogenic changes in the absorbing particle number can be observed.
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