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7. Extreme Weather Events 
and Local Impacts of Climate 

Change:  
The Scientific Perspective

Friederike E. L. Otto

While global and regional temperature increases are the most certain 
indicators of anthropogenic climate change, due to the emissions from 
burning fossil fuels, the damage caused by climate change is most clearly 
manifest in changes in seasons and extreme weather events. Recent 
advances in the attribution of extreme weather events, combined with 
newly available observations of past weather and climate, have made it 
possible to causally link high-impact extreme events to human-induced 
climate change. The level of confidence in these findings, however, 
varies according to the type of event and region of the world. While the 
increase in heatwaves can be quantified with confidence in most parts 
of the world, attribution assessments for droughts and hurricanes are 
much more uncertain. 
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246 Global Warming in Local Discourses

From Global Climate Change to Local Impacts

Scientific reports, political debates, and to a large extent the media, use 
global mean temperature rise as the metric to determine how humans 
are changing the climate by burning fossil fuels. Most prominently, the 
United Nations Framework Convention on Climate Change negotiations 
used this metric to measure and discuss the changing climate. More 
recently, the December 2015 Paris Agreement defines the central goal 
of international climate policy and politics as limiting global mean 
temperature increases to well below 2°C. 

It is, however, not the abstract measure of global mean temperature 
that will cause loss and damage from climate change. Instead, the 
impacts of climate change primarily manifest themselves through 
rising sea levels and the changing risks of extreme weather events. This 
chapter provides a scientific account of the kinds of changes that are 
already being experienced locally, and the changes that we might see 
in the future. It then assesses what climate scientists know about the 
attribution of weather events (such as those discussed elsewhere in this 
volume) to global warming.

From Greenhouse Gas Emissions to Weather

The levels of scientific evidence and our ability to quantify each link in 
the chain of causality from greenhouse gas emissions via global mean 
temperature increases to local effects on weather and hydrology, to 
impacts affecting society, and loss and damage vary considerably (see 
Fig. 7.1). The evidence of the first element, from individual countries’ 
(Skeie et al. 2017) and companies’ (Heede 2014) greenhouse gas 
emissions to concentrations in the atmosphere, is unambiguous. The 
next link in the chain—from atmospheric CO2 concentrations to global 
mean temperature—is also certain and has been known for a long time 
(IPCC 2014). Recent quantitative assessments estimate the global mean 
temperature increase resulting from anthropogenic greenhouse gas 
emissions from the beginning of the industrial revolution to the present 
at about 1°C (Haustein et al. 2017). The evidence is also strong for the 
increase in large-scale average temperatures; the absolute changes are 
very different, but temperatures are increasing in all inhabited regions 
of the world. For instance in Europe, annual mean temperatures have 
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changed twice as fast as the global average (Hegerl et al. 2018; IPCC 
2014). In recent years an increase in global precipitation that is expected 
in a warming climate has also been observed and attributed to human-
induced greenhouse gas emissions (Marvel et al. 2017; IPCC 2014; Allen 
and Ingram 2002). 

Fig. 7.1 Chain of causality from greenhouse gas emissions to loss and 
damage. The width of the arrow signifies the relative level of confidence 

in the quantitative assessments for different parts of the chain. For the 
last four boxes, confidence levels are very different depending on the 

region and type of event (e.g., heatwaves have high confidence, 
windstorms have low confidence) or impact (source: author, 2020).

The next—and arguably most crucial for the day-to-day lives of the 
majority of the world’s population—link from anthropogenic climate 
change and global warming to local or regional individual weather and 
climate-related events has long been impossible to make with confidence. 
Yet, this has changed in recent years. One of the most noticeable local 
effects is the change in seasons: the mid-latitudes are experiencing 
an earlier spring and shorter winters, which is clearly caused by 
anthropogenic climate change (Santer et al. 2018; Christidis, Jones, and 
Stott 2014). Quantifying and establishing the link between individual 
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weather events, which often cause significant damage, has been the focus 
of the emerging science of extreme event attribution (Otto 2017; Stott et 
al. 2016). This strand of research is ambitious because whether and to 
what extent an extreme weather event leads to impacts on natural and 
human systems depends not only on the meteorological hazard (i.e., the 
weather event) but also on the vulnerability and exposure to that hazard 
(i.e., who or what is in harm’s way). Attributing damage and losses from 
extreme weather to climate change is thus possible with quantitative 
information on vulnerability and exposure and an understanding of 
local decision-making and governance structures, but very few studies 
have assessed this final link in the chain of causality (Mitchell et al. 2016; 
Schaller et al. 2016). However, enormous progress has been made in 
being able to robustly and routinely determine whether and to what 
extent anthropogenic climate change has altered the likelihood of 
extreme weather events to occur. Compared to only five years ago, we 
are now able to much more fully understand what anthropogenic global 
greenhouse gas emissions translate to for a particular location, because 
we can quantify the link between global warming and extreme weather. 
This is a crucial step that facilitates a true assessment of the changing 
risks on the level at which both individual and political decisions are 
made. 

In 2003, a landmark publication (Allen 2003) suggested approaching 
the attribution question regarding the role of anthropogenic climate 
change in extreme weather events (Otto et al. 2016) in a probabilistic 
way. This approach entails assessing the likelihood of the extreme 
event in question to occur in the current climate, all man-made drivers 
included, and comparing it with the probability of its occurrence in a 
world without human-induced climate change in order to isolate and 
quantify the effect of climate change. The first paper to apply this 
approach was published in 2004; it found an increase of at least 100% 
in the likelihood that the 2003 European heatwave was attributable to 
human-induced climate change (Stott, Stone, and Allen 2004).

For today’s climate, it is possible to use observations of weather 
and climate to estimate the likelihood that an event will occur. Yet 
we lack observations of a hypothetical, counterfactual world without 
anthropogenic climate change. Furthermore, we can only observe 
weather that has occurred; it is not possible to observe all weather events 
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that are possible in a given climate. The method of event attribution 
thus relies on climate models to simulate possible weather, including 
the extreme event in question, in a given region and season accurately 
enough to draw robust conclusions on the role of climate change. Early 
studies applying the probabilistic event attribution approach employed 
a single climate model; thus, the results are heavily dependent on that 
model’s reliability. A methodology has recently been developed that 
includes multiple models and several lines of evidence; a whole new 
field of climate science has emerged, and the methods are constantly 
improving. Two aspects of the methodology are important to stress here. 
First, the definition of an extreme event is a crucial part of the analysis 
and determines the outcome. In the most widely applied approach 
discussed here, the event is always defined as a type of weather that 
leads to an impact (e.g., extreme rainfall above a certain threshold in a 
particular area or season that causes flooding). Other approaches favor 
much more narrow definitions of an event by, e.g., conditioning on the 
exact atmospheric circulation state without assessing the likelihood of 
such a situation (Otto et al. 2016). The latter is useful for understanding 
the impact of climate change on weather but less useful for local 
decision-making. Second, attribution of extreme events is only reliable 
for the types of events for which climate models are available that 
realistically simulate the type of event; thus, the evidence of a causal link 
between anthropogenic climate change and localized weather events is 
not comprehensive.

Because the role of climate change is always mentioned by the media, 
by members of the public, and by people affected by the impacts of an 
extreme event, a significant amount of public attention has been focused 
on the development of the science. This exposure has also generated 
close scrutiny of scientific studies by peers; critical publications from 
both sides claim that scientists are too confident in their attribution 
statements (Bellprat and Doblas-Reyes 2016) or that they are too 
cautious (Lloyd and Oreskes 2018). While this might have produced 
temporary confusion in public understanding, overall, the public 
scientific discussions led to the comparably fast development of better 
and more robust methods of estimating changing hazards and reducing 
the uncertainty in the results. 
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In 2016, the US National Academy of Sciences asked climate scientists 
who were not involved in the science itself to write a report on the state of 
event attribution science and the robustness of the results of such studies. 
The resulting report (National Academies of Sciences, Engineering, and 
Medicine 2016) concluded that the results were robust overall, but not 
for all types of extreme events. For example, current climate models 
cannot reliably simulate very small-scale events, like flash floods, 
hail, or tornados, in order to assess the role of climate change in their 
occurrence. Nor do we have comprehensive observations on hailstorms 
with which to evaluate climate models. By contrast, since heatwaves and 
large-scale rainfall events are well observed and simulated, confidence 
in the attribution results is high. For droughts and other more complex 
events resulting from a combination of meteorological drivers (such as 
a lack of rainfall and high evaporation), confidence very much depends 
on which aspects of the droughts are studied. Despite these limitations, 
this independent report written by first-class climate scientists noted the 
thoroughness of the new approach to answering one of the most pressing 
questions when natural disasters strike. The report concluded that it is 
now possible to attribute individual weather events to anthropogenic 
climate change. It is thus only in the last few years that the role of climate 
change in extreme weather events around the world has been assessed; 
before, only a few studies examined specific events.

The advancement of event attribution science, and the availability of 
much improved simulations of future changes in extreme events, allow 
us to look at specific events and regions and thus enable a growing 
understanding of how climate change is impacting natural and human 
systems at the local level. This is necessary, as a warming climate has a 
twofold impact on local weather. First, given the increase in greenhouse 
gases in the atmosphere and rising global mean temperatures, we expect 
the number of heatwaves to increase and the coldwaves to decrease. 
Similarly, because a warmer atmosphere can hold more water vapor, 
extreme precipitation will increase globally, on average. Indeed, both of 
these impacts have already been observed (IPCC 2012). 

Second, locally, however, this can look very different. The extent of 
extreme precipitation and temperature increases varies, because the 
thermodynamic (warming) effect is not the only way in which climate 
change affects weather and extreme events. Higher levels of greenhouse 
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gases in the atmosphere, combined with more water vapor and a 
changing land surface, alter the atmospheric circulation, which affects 
where and when weather systems develop and how they progress. This 
so-called dynamic effect can be the same size as the thermodynamic 
effect or larger, and it can act in the same direction, thus increasing 
the risk of extreme precipitation, for example, more than would be 
expected from high temperatures alone (Risser and Wehner 2017; van 
Oldenborgh et al. 2017). The effects could also counteract each other, 
and thus prevent changes in extremes (Schaller et al. 2014). Thus, 
there are a priori three possible ways in which climate change affects 
weather and extreme weather; it can: (1) increase the likelihood of an 
event occurring, (2) decrease the likelihood of an event occurring, or 
(3) not affect the likelihood of events and extremes (Otto et al. 2016). 
Event attribution studies thus allow us to assess which of these three 
cases applies to a given type of weather event in a particular region and 
season and quantify the change.

While all three of these impacts can be the result of anthropogenic 
climate change alone, anthropogenic greenhouse gases in the 
atmosphere are not the only external driver affecting the likelihood of 
extreme events. For example, an increase in heat events can be offset by 
a cooling trend induced by implementing large-scale irrigation systems 
that keep the soil wet and thus reduce the land-atmosphere feedback 
(van Oldenborgh et al. 2018). 

Aerosols of anthropogenic and natural origin also have a large 
influence on extreme weather events. Depending on the type of aerosol, 
they either reflect sunlight (and thus lead to a cooling) or absorb long-
wave radiation (and thus exacerbate the effect of greenhouse gases). 
However, these are only the direct effects. Aerosols also interact with 
clouds in various ways, making it extremely hard to estimate their exact 
influence on the climate system. On a global scale they do lead to a 
cooling, however (IPCC 2014). In contrast to greenhouse gases, aerosols 
have a very short lifetime, on the order of days or weeks depending on 
how high in the atmosphere they are emitted. If the effect of greenhouse 
gases in an extreme event is masked by local aerosol pollution, irrigation 
or other land use changes, the observed data will reveal no trend in 
extremes. 
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Thus, if observations are the basis of decision-making, these can 
be fatally wrong. Increasing global attempts to combat air pollution 
will soon cancel the masking effect. This of course also means that 
attribution studies that focus only on the attribution of current extreme 
events without putting them in the context of future climate change 
miss an important part of the story. Very few studies have examined 
changing hazards across timescales from the past to the present and 
future. For instance, in the IPCC’s fifth assessment report, detection 
and attribution (IPCC 2014) were discussed in a different chapter than 
projections of future climate change (IPCC 2014), and they used very 
different scales and methods of assessment. Future studies will address 
changing hazards, due to requests from city planners, disaster risk 
reduction experts, and other people involved in climate-change impacts 
and adaptation planning (van Aalst et al. 2018). 

Thus, extreme event attribution allows us to assess the current 
impacts of climate change, in terms of weather as well as costs and 
ecological and societal implications; a comprehensive picture is slowly 
emerging, but there are huge gaps in the developing world. We also 
have the methodologies to combine this understanding with assessment 
of future climate change on geographical scales that matter for decision-
making (e.g., Otto et al. 2018). However, while in theory it is possible 
to conduct an inventory of a large proportion of the changing hazards 
and extreme events taking place in a warming world, few studies have 
examined specific events in individual countries. 

Regional Understanding

Bangladesh is in many ways the poster child of climate-change impacts 
(see Chapter 6, Bangladesh). On the one hand, its population is extremely 
vulnerable to flooding and saltwater intrusion (e.g. Warner and van der 
Geest 2013). Therefore, even small changes in the likelihood of extreme 
precipitation have a huge impact on the country’s exposure to flooding. 
On the other hand, Bangladesh’s scientists and government are acutely 
aware of this situation, and are exploring ways to deal with the impacts 
of climate change, including understanding and quantifying its impacts. 
For example, it was the first country to establish a national mechanism 
to address loss and damage from climate change—the costs (economic 
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and otherwise) that mitigation and adaptation efforts have not avoided. 
While no articles have been published thus far that attribute individual 
extreme events in Bangladesh to anthropogenic climate change, a 
growing body of literature has confirmed that climate change increases 
the risk of damage from extreme events in a changing climate (Caesar 
et al. 2015; Ahmed, Diffenbaugh, and Hertel 2009; Karim and Mimura 
2008). 

Extreme weather events also occur elsewhere on the Indian 
subcontinent; each year it experiences droughts, floods, and heatwaves 
(Dash et al. 2007). In recent years many events have received high levels 
of international media attention because of heat records being broken 
(e.g., in Rajasthan in 2016, a large-scale heatwave in Andhra Pradesh in 
2015) and large losses of assets (e.g., after massive flooding in Chennai in 
2015), and of life (e.g., after exceptionally high monsoon rains in 2018). 
While there is little doubt that climate change plays a role in extreme 
weather events in India (Goswami et al. 2006), attribution studies 
of these recent events have shown that factors other than increased 
greenhouse gases continue to play a crucial role in driving extreme 
weather events over India (van Oldenborgh et al. 2018, 2016; Wehner 
at al. 2016). Natural variability as well as other man-made drivers like 
aerosol pollution play a particularly large role on small scales. At the 
same time, drivers outside the climate system, like river management, 
sewage water systems, and the sheer number of people in harm’s way 
determine to a large degree the impacts of changing weather and 
climate. Understanding how these risks are changing throughout the 
world requires disentangling these factors and assessing their future 
trajectories. 

In India and elsewhere, information on these changing risks is lacking 
at a scale where it is needed most—in the most vulnerable regions, where 
events cause the greatest impacts, where climate change is increasing 
risk, and where the media and the general public are asking questions 
about the root causes of disasters and their own vulnerability. India has a 
strong climate science community and widespread awareness of the fact 
that changes in the frequency and intensity of extreme weather events 
and rising sea levels caused by human-induced climate change threaten 
decades of development gains, and pose a clear and present danger to 
the social and economic welfare of communities. The city of Ahmedabad 
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in Gujarat is a good example of how awareness of the changing risk of 
extreme heat has led to the development of a heatwave plan. The plan, 
consisting mostly of awareness rising and simple behavioral advice 
when heat wave warnings are being issued, dramatically reduced 
hospital admissions for heat-related conditions during the most recent 
heat wave compared with the 2005 heatwave (Knowlton et al. 2014). 
With heat-related diseases on the rise in a warming climate (Glaser et 
al. 2016), this example indicates that access to information on the extent 
to which extreme weather events are influenced by climate change and 
other factors can save lives. 

The science base in Northern Europe for localized extreme events 
is broader: a large number of studies have assessed the changing risk 
of extreme events and heatwaves in particular. But the awareness and 
preparedness of individual cities is similar to those of India, although 
vulnerability and exposure are of course very different (cf. Chapter 
4, Germany). The region’s 2003 heatwave, which caused a reported 
70,000 deaths (Donner, Muller, and Koppel 2015), demonstrated that 
preparedness is not a given in this part of the world (Aguiar et al. 
2018). The event led the United Kingdom to develop a heatwave plan 
the following year, before the first attribution study (Stott, Stone, and 
Allen 2004) on this event was published. Subsequent heatwaves had less 
severe impacts, but all showed a clear attributable signal in likelihood 
and intensity to anthropogenic climate change (Christidis, Jones, and 
Stott 2014; Otto et al. 2012). Apart from heatwaves, an increase in 
extreme precipitation events is the most likely impact of anthropogenic 
climate change in Northern Germany. While there are no attribution 
studies on this specific area, given the similarity of the UK’s climate, the 
attributable increase in the intensity and frequency of winter rainstorms 
there gives a good indication of what can be expected in Hamburg (Otto 
et al. 2018b; Schaller et al. 2016). In the summer, the risk of extreme 
precipitation is not currently changing (Otto et al. 2015a; Schaller et al. 
2014). These results are in line with projections of future precipitation 
extremes, which show a significant increase in the winter but no clear 
sign of an attributable change in likelihood or intensity in the summer 
(IPCC 2012). Much less studied are the impacts of anthropogenic 
climate change on windstorms, which often cause casualties. The latest 
generation of regional climate models is good enough to enable realistic 
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simulations, but the lack of comprehensive and reliable observational 
data on these events prevents assessments of this potential impact of 
climate change.

Our knowledge and understanding of extreme weather and their 
changes in a changing climate is again different in East Africa. Droughts 
and floods are the extreme events that have the largest impacts in the 
region; droughts have been studied intensely in recent years. Over 
the last few decades, an observed drying trend in much of the region 
has provided a puzzle for the climate science community, as the 
observations are at odds with model simulations that generally predict 
a wetting trend. Rowell, Booth, Nicholson, and Good (2015) have 
recently made progress in understanding this apparent paradox from a 
modelling perspective. In addition, a large number of event attribution 
studies (Liebmann et al. 2017; Philip et al. 2017; Uhe et al. 2017; Funk et 
al. 2016; Marthews et al. 2015; Otto et al. 2015a; Otto et al. 2015b) have 
helped to disentangle some of the drivers behind the observed trend 
and to identify the relative importance of different drivers in individual 
droughts in recent years. 

The main finding of these event attribution studies is that 
anthropogenic climate change is not a key driver of the lack of rain in 
East Africa in recent years. Drought is a complex phenomenon; the 
higher global temperatures have exacerbated the drought by increasing 
the risk of dry soil moisture (Philip et al. 2017) through increased 
evaporation (Marthews et al. 2015), or via teleconnection through 
higher ocean temperatures (Funk et al. 2016). Teleconnections are 
patterns of variability in ocean temperatures; where they are analyzed 
for East Africa, the predominant mode of variability is the El Niño 
Southern Oscillation (Indeje, Semazzi, and Ogallo 2000). Variability in 
Indian Ocean temperatures is also important. Different modes in these 
patterns have always been crucial to determining seasonal rainfall and 
the likelihood of drought or flood in East Africa. A key question is 
whether (and to what extent) climate change will affect these patterns. 
There is currently insufficient evidence to draw definite conclusions, but 
some studies show that a warming trend, in combination with strong El 
Niño events, may increase the number of droughts (Funk et al. 2018) 
and flood disasters (Li et al. 2016) in the future. 
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In East Africa, huge advances in our understanding of rainfall 
variability and climate model reliability have been made possible by the 
better access to observed data (Funk et al. 2015), and close collaboration 
with scientists from East African Met Services and universities and 
international scientists. Yet many questions remain, particularly 
regarding the role of temperature. 

An increase in temperature can contribute to drier soils and thus 
exacerbate the risk of drought, an effect often referred to when aiming to 
establish a climate change link (Funk et al. 2016). However, particularly 
in already arid regions, temperature often only exacerbates evaporation 
when moisture is present. Compounding the meteorological effects, it 
has been shown that hotter than normal temperatures have accelerated 
forage and water depletion across most of the region’s pastoral and 
marginal agricultural areas (FEWS NET 2017), and thus identifying 
increasing temperatures as an additional stressor, which will have 
implications during future extreme heat and drought events, as well 
as for livelihood activities such as crop production (Republic of Kenya 
2013). 

East Africa has always experienced extreme weather events (see 
Chapter 5, Tanzania). But the fact that not all of the recent droughts 
were very extreme from a meteorological perspective highlights that it 
is high vulnerability that led to the severe societal impacts (Magnan et 
al. 2016). 

In sum, the results generated by the nascent field of event attribution 
indicate that attribution studies around the world largely confirm our 
expectations—that a warming climate increases heatwaves and extreme 
rainfall events. The magnitude of this increase, however, varies widely 
by region and season, and local factors unrelated to climate change can 
prevent or decrease the risk of these extremes. 

The examples above thus highlight that a heightened understanding 
of regional changes in individual types of extreme weather events 
facilitates preparation for all types of extreme weather. But if these 
advancements in natural science are not made relevant to those 
experiencing such weather and deciding how best to adapt, even 
perfect models and complete inventories of climate-change impacts will 
not prevent future loss and damage from extreme weather caused by 
climate change.
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