Changing Climate and Weather

Evidence from Attribution Science

Krishna AchutaRao and Friederike Otto

The levels of scientific evidence in terms of the chain of causality,
from anthropogenic climate forcings to local effects on weather
and hydrology, impacts affecting societies and loss and damage, are
very different. For the first step, from emitters to emissions and
concentration, our understanding is very good and we have an
inventory of emissions (Chapter 2 in this volume). For the second
step, from concentrations to long-term climate change, our under-
standing with respect to global mean temperature is also very good
(Haustein et al. 2017); more patchy for rainfall (Chapter 2 in this
volume); and for regional temperatures, the evidence is becoming
increasingly strong. The third step in the chain of causality, that
is, from global warming to individual weather and climate-related
events, is now possible and has been the focus of event attribution
studies, but only a handful of such studies currently exist for India.
This scientific development now also makes the last step possible,
namely, attributing damages and losses from extreme weather to
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climate change, but at this point in time, applications have been
restricted to a couple of European cities (for example, Mitchell et
al. 2016; Schaller et al. 2016).

Being able to more completely understand this causality chain
from emissions to localized impacts is crucial and allows for a
true assessment of changing risks on the spatial scales (cities and
countries rather than continents) decisions are made. Recent
publications (for example, Haustein et al. 2017) on the attribu-
tion of global mean temperature have analysed, very carefully, the
uncertainty in our understanding of the attribution of global mean
temperature stemming from a choice of models used and, in par-
ticular, from the fact that observations of temperatures at the end
of the nineteenth and the beginning of the twentieth centuries are
less accurate than today.

After taking all possible sources of uncertainty into account, the
finding of this analysis and similar publications is that the observed
warming is, with very high confidence, attributable to anthropogenic
greenhouse gas (GHG) emissions and that this attributable warming
is already at 1°C. This highlights the very high confidence we have
in the causal relationship between emissions and global mean tem-
perature, and that at the current rate, the political goal of 1.5 degrees
global mean temperature increase is only a few years away.

Anthropogenic GHG emission is, however, not the only driver of
climatological change, natural variability as well as other man-made
drivers like aerosol pollution play a particularly large role on regional
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. If we, as a society, want to understand what
climate change has meant for India so far and estimate how risks are
changing, then it is important to disentangle these drivers in order
to understand what the adaptation options are. In other words, we
need to attribute observed changes to drivers of change and answer
the question of whether and to what extent anthropogenic climate
change alters the risk of extreme weather.

While the science of attributing extreme weather events is new, it
is rapidly growing and over 170 studies have been published world-
wide, most of which in the last two years (Schiermeier 2018). These
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studies are heavily biased towards regions in Europe and Australia and
the types of events attributed are often heatwaves and extreme rain-
fall events, which are not necessarily the most damaging. However,
increasingly, the large number of studies available allows for drawing
some general conclusions. In particular for heatwaves, where more
than 50 individual events have been analysed, we see very clearly
that almost all cases show an increase in the severity and likelihood
of the event because of climate change. In two-thirds of all stud-
ies, climate change has been found to play a significant role. While
not representing every extreme event that has happened in the last
years, these studies do not provide a full inventory of climate change
impacts. However, it is within this context that the extreme events
that have been analysed for India need to be understood. In India,
at the moment, there are only three published attribution studies
on particular extreme events: record-breaking heat in Rajasthan in
2016; a large-scale heatwave in Andhra Pradesh in 2015; and mas-
sive flooding in Chennai in 2015. These studies, while focusing on
some of the most damaging events in the last few years, described
in detail in this chapter, give a good overview of the methods used
in this emerging science and highlight some challenges particular
to the Indian context, they do not represent how climate change
manifests in India.

Therefore, before introducing the emerging science of extreme
event attribution, we will first review the detection and attribution
of long-term climate change over India and identify hot spots of
regional climate change. We close the chapter with a discussion on
the implications of these new scientific developments on policy, poli-
tics, and disaster risk reduction, and provide an outlook on where the
frontier of the science is likely to move in the coming years.

Long-Term Climate Change

When we think of climate change, we usually associate it with
gradual changes in the mean state of the climate—typically over
many decades. The global mean temperature, for example, is
known to vary due to El Nifo events and volcanic eruptions, but
has nevertheless seen an increasing trend over the last few decades
(Bindoff et al. 2013). On a regional or local level, variations in
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temperature and rainfall can be much larger in amplitude, caused
by oscillations unique to that place (Chapter 2 in this volume).
Any changes resulting from natural factors (such as volcanoes and
solar output changes) and human-caused factors (such as GHGs,
aerosols, and changes in land use and land cover) are on top of
this. Therefore, separating what is natural from what is caused
by human activity is hard. The purpose of detection and attribu-
tion studies is to be able to separate what is natural from what is
human-induced.

The Intergovernmental Panel on Climate Change (IPCC) defines
‘detection’ as the process of demonstrating that climate has changed
in some defined statistical sense, without providing a reason for that
change. ‘Attribution’ of causes of climate change is the process of
establishing the most likely causes for the detected change with some
defined level of confidence. Attribution studies typically rely on a
‘fingerprint’'—a typical pattern of change—that is unique to the dif-
ferent drivers of climate change. The fingerprint of, say, GHGs is
very different from that resulting from aerosol emissions, which is
in turn different from those resulting from volcanoes or solar output
changes. These fingerprints are deduced from climate models and
one statistically analyses the observations to find the strength of each
of the patterns. Fundamental to this is the confidence that climate
models represent the known science accurately so that the finger-
prints may be physically realistic. This involves rigorous validation of
models against observations to ensure that they represent the relevant
processes and phenomena accurately.

On a global scale, changes in temperature, humidity, and ocean
heat content—all indicators of fundamental changes in the earth’s
energy balance—have been attributed to anthropogenic causes
(Barnett et al. 2005; Bindoff et al. 2013; Gleckler et al. 2012;
Jones, Stott, and Christidis 2013; Santer et al. 2007). At regional
scales, the human influence on surface temperature has been docu-
mented over China and New Zealand, and also in those areas of
the Pacific and Atlantic Oceans where tropical cyclones form (Dean
and Stott 2009; Gillett, Stott, and Santer 2008; Knutson, Zeng, and
Wittenberg 2013; Santer et al. 2006; Xu et al. 2015)

There have been numerous studies that have documented
changes in the climate over India, as seen in Chapter 2 in this
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volume. Very few of these have focused on attributing the causes
of these changes. A recent work by Dileepkumar, AchutaRao, and
Arulalan (2018) finds that annual mean temperatures over India
can be attributed to anthropogenic causes. The GHGs contribute
to a larger warming trend than observed, which is then tempered
by the effect of other anthropogenic forcings that tend to exert a
cooling effect (such as aerosols and land use-land cover changes).
Among the homogeneous temperature zones (classified by Indian
Institute of Tropical Meteorology [IITM], Pune, based on cli-
matological features), Western Himalayas, west coast, and east
coast regions reveal robust warming across seasons attributable to
anthropogenic forcings. Sonali and Kumar (2016) have analysed
changes in maximum and minimum temperatures (T___and T . )
during the second half of the twentieth century and could detect a
significant change in T . but could not attribute it to any specific
causative factor.

With increased temperatures, the water vapour holding
capacity of the atmosphere increases at about 7 per cent/°C of
warming (Allen and Ingram 2002). This results in larger rain-
fall totals—much of it coming down as heavy downpours.
Mukherjee et al. (2018) have examined observed precipitation
records over India and found that the annual maximum rain-
fall during the period 1979-2015 has increased over much of
India, with increases more prominent in southern India than in
the north, especially since 1982. Using multiple climate model
simulations with and without anthropogenic forcing, they find
a clear anthropogenic influence on the frequency of extreme
precipitation events. A natural place to look for signals of
increased rainfall is in the river basins, which act as integrators
of the precipitation. The Mahanadi River basin has been an area
of intense research to study the anthropogenic influence from
a hydrological perspective. Mondal and Mujumdar (2012)
attempted a formal detection and attribution analysis to study the
changes in the observed monsoon precipitation and stream flow in
the rain-fed Mahanadi River basin. They found that the decreases
observed in stream flow and precipitation over the second-half
of the twentieth century are consistent with those expected from
anthropogenic emissions of GHGs. However, their results were
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sensitive to which climate model was used, leading to a less than
robust conclusion on the anthropogenic influence.

Extreme Event Attribution

Extreme downpours, heatwaves, and droughts have happened and
disrupted public life throughout India’s history. Nowadays, with the
rising awareness that increasing global mean temperatures will, on
average, lead to an increase in the number of heatwaves and more
heavy rainfall events, one of the first questions the media, decision
makers, and knowledge brokers and politicians ask whenever an
extreme weather event takes place is: what the role of climate change
was in the particular event?

Two common assumptions have routinely been provided as
answers: (i) we are living in a changing climate, so all weather is
affected by climate change; and (ii) individual weather events cannot
be attributed to anthropogenic climate change. While the former is
trivially true and provides no information on whether and to what
extent the risk of such an event occurring has changed, the latter is
wrong. Scientists are now able to assess how and to what extent the
frequency and magnitude of individual types of extreme weather
and climate-related events is changing due to human-induced cli-
mate change. The method of how to do this is simple in its concept,
but complex in its execution. As every extreme weather event is
ultimately unique and always the result of a combination of exter-
nal drivers (solar radiation, volcanoes, GHGs), natural and human-
induced, as well as internal climate variability and noise (day-to-day
weather conditions), to say with certainty that an event could not
have occurred without anthropogenic influence is impossible. It is,
however, possible to assess how a particular external driver, namely,
GHGs in the atmosphere resulting from burning fossil fuels, alters
the probability of an extreme event occurring. To answer the ques-
tion whether climate change has altered the likelihood of an extreme
event to occur, one needs to assess the likelihood of that event in
a climate with today’s GHG concentration (called the factual or
actual climate) and the likelihood in a climate without man-made
climate change (called the counterfactual climate). Comparing
these two likelihoods gives the role of climate change.
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Applying this approach is now possible for an increasing number
of extreme weather events. The possible outcomes of an event attri-
bution study are, thus, probabilistic assessments of changing hazards.

In principle, there are two ways in which climate change can
affect weather. In a warming world with increasing average tempera-
ture, we also expect an increase in extreme temperatures, and thus
more and hotter heatwaves and a decrease in cold waves. A warmer
atmosphere can also hold more water vapour than a colder one, we
therefore expect, on average, more extreme rainfall. However, climate
change does not only have this so-called thermodynamic (that is,
warming) effect on the climate, but a changing composition of the
atmosphere also affects the atmospheric circulation (the so-called
dynamics), including the monsoon circulation and where and
when tropical cyclones develop. Both effects can work in the same
direction and thus increase the change in likelihood of an event more
than would be expected from one effect alone, or they can act in
the opposite direction and cancel each other out, or one effect can be
much stronger than the other. Therefore, every attribution study has
a priori four possible outcomes: (i) the event could have been made
more likely because of anthropogenic climate change; (ii) it could
have been made less likely; (iii) there is no detectable change in the
likelihood or magnitude of an event occurring from anthropogenic
climate change; or (iv) with current understanding and available
climate simulations, it is not possible to robustly assess the role of
external drivers in the event.

The approach was introduced by Allen (2003), and subsequently
applied to a few European events before 2012 (Stone and Allen
2005; Stott, Stone, and Allen 2004). From 2012 onwards, the sci-
ence of extreme event attribution has emerged as a field of climate
research in its own right (Herring et al. 2014, 2015, 2016, 2018;
Peterson et al. 2013a and 2013b), with the first set of attribution
studies on extreme weather events in India published in 2016, attrib-
uting the floods in Chennai in 2015 (van Oldenborgh et al. 2016)
and the heatwave in Andhra Pradesh in the same year (Wehner et al.
2016). A third event attribution study focusing on an event in India
has been published in 2018, assessing the role of climate change in
the record-breaking extreme temperature in Phalodi in 2016 (van
Oldenborgh et al. 2018). The role of climate change is different
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in these three events and hence, the results are different. The findings
of the Andhra Pradesh heatwave study match what we expect on
a global average in a warming climate (Chapter 2 in this volume),
where a strong increase in the likelihood of the heatwave to occur is
found. We, therefore, use this study to introduce the method of event
attribution in more detail, followed by a discussion of the floods in
Chennai and the heatwave in Phalodi.

Heatwave in Andhra Pradesh

The main concept behind the probabilistic approach is an assessment
of possible weather events of the type of event of interest (for exam-
ple, a heatwave in Andhra Pradesh, Telangana, and Odisha in the
pre-monsoon season of 2015) under present-day climate conditions,
and possible weather under counterfactual climate conditions as they
would have been without human-induced climate change. Figure 3.1
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Figure 3.1 Histograms of Possible Daily Maximum Heat Index in Andhra
Pradesh for Counterfactual (black) and Actual (light grey) Simulations of May
2015

Source: Adapted from Wehner et al. (2016).
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shows an example of the heatwave in Hyderabad in 2015, where the
light grey histogram represents possible heat in May in the present-
day (actual) climate and the black histogram depicts the distribu-
tion of possible heat in May in the counterfactual world. In both
worlds, the occurrence frequency of the extreme event can now be
calculated and compared. For example, a heat index of 42 would be
a relatively frequent event (expected to occur every other year) in
the present-day climate, but rather rare (expected to occur once in
50 years) in the counterfactual world. Comparing these two like-
lihoods of 0.5 and 0.02 would mean that human-induced climate
change has made the event 25 times more likely. Wehner et al. (2016)
found that human-induced climate change increased the likelihood
of a heatwave, like the one observed in Andhra Pradesh, occurring by
more than 1,200 per cent, that is, the heatwave was made an order of
magnitude (which is more than 10 times) more likely.

While the approach in principle is straightforward, there are dif-
ferent methodologies of estimating possible weather and the likeli-
hood of occurrence of an extreme weather event. Due to the fact
that we only have a very limited number of observations of weather
events in the present day and no observations of the counterfactual
world, event attribution always depends on climate and weather
simulations; these can be based on observed or reanalysis data and
statistical modelling (for example, van Oldenborgh 2007) or climate
model simulations (for example, Lewis and Karoly 2013 and Pall
et al. 2011). Each method has advantages and disadvantages, and
both observations and climate models are imperfect. Therefore,
the most robust estimates of the role of human-induced climate
change can be obtained by combining different methodologies
(National Academies of Sciences, Engineering, and Medicine 2016).
While straightforward in principle—the need for the availability of
high-quality data and large ensembles of high-resolution climate
model simulation, as well as the fact that these simulations need
to be thoroughly evaluated in each individual case—extreme event
attribution studies in practice are quite elaborate. In the case of
Andhra Pradesh, observations and models aligned and the attribu-
tion result is an increase in the risk of heat, and hence what one
would expect a priori in a warming world. This is not the case for

the Chennai flooding and the heat in Phalodi.
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Flooding in Chennai

The first step of every event attribution study relating to a high-
impact event is to identify what happened from a meteorological
point of view. In the case of flooding, for example, it is often not a
priori clear whether a localized, extreme one-day event caused the
flood, or whether it was a comparably less extreme event but at the
end of a very wet season, and whether the rainfall in the area of
the floods was the main cause or whether precipitation further
upstream needs to be taken intoaccountaswell. Havingidentified the
heaviest one-day rainfall in the region in more than a century as the
primary driver behind the flooding, extreme one-day precipitation
in the area encompassing 10-15°N, 79.5-81°E was taken as the
definition of the event. There will always be a trade-off between
what climate models can reliably be expected to simulate and
what caused the impact on the ground. Using this definition to
assess possible extreme rainfall with and without climate change in
statistical modelling and two different climate models, the study
found no significant change in the likelihood of the event occur-
ring. Figure 3.2 (between pages 326 and 327) shows the result
from one of the climate models, depicted as return time of the
event in three different climate model simulations: the year 2015
as observed (red); the year 2015 as it might have been without
anthropogenic climate change (blue); and in the current climate
in the years before 2015 (green). The overlapping error bars show
that the change in likelihood is not significant.

This may seem a surprising result given what we expect in a
warming world, but we might be seeing a case of dynamics and ther-
modynamics working in opposite directions, thus cancelling each
other out overall. In other regions of the world, methods have been
applied to disentangle these two effects (for example, Vautard et al.
2016). Alternatively, it could be that drivers other than GHGs, such
as aerosols, play a role, or the fact that sea surface temperatures in
the Bay of Bengal, which are known to influence rainfall, have not
increased substantially with global warming. The result highlights
that event attribution is clearly different from estimating trends and
that the influence of climate change on weather can locally be very
different. This fact is highlighted even more by the analysis of heat
in Phalodi.
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Extreme Heat in Phalodi, Rajasthan

In 2016 in Rajasthan, the city of Phalodi set a new maximum tem-
perature record for India as it hit 51°C on 19 May 2016. In this
case, the event definition was therefore taken as the hottest day of
the year (TXx) at the point of Phalodi (grid point closest to the city
in climate models). For the model evaluation, observed trends of
maximum temperature over India were compared with the trends
simulated by models, with the result that the state-of-the-art model
simulations that provide the basis for the IPCC fifth assessment
report (Coupled Model Intercomparison Project Phase 5 [CMIP5],
Taylor, Stouffer, and Meehl 2012) simulate very different trends than
the ones observed.

A regional climate model (HadRM3P, Massey et al. 2015) per-
formed better and was included in the analysis. The attribution
analysis was thus performed by simulating possible extreme heat
in Phalodi, in factual and counterfactual climates, using statistical
modelling and observations and the regional climate model. The
authors found that the observation-based methodology did not show
an increase in the likelihood of maximum temperature, whereas the
purely model-based methodology showed a small increase that was,
however, not statistically significant. This result is in contrast to the
attribution study on the heatwave in Andhra Pradesh (Wehner et
al. 2016) and in contrast to attribution of long-term temperature
changes in India, discussed earlier. This makes it likely that the effect
of anthropogenic climate change may be masked by other external
drivers, like aerosols, or local effects, like an increased use of irriga-
tion or other land-use changes. The event attribution study on the
heatwave in Phalodi thus resulted in the fourth category of pos-
sible outcomes, as without further investigation it is not possible to
give a robust result.

While this is not the result one hopes for in an event attribution
study, an unclear result like this, however, does not mean that the
study was not useful to understand the impact of anthropogenic cli-
mate change on heat extremes in India. First, the results show that,
in particular locally, drivers other than GHGs have a strong impact
on heat. Second, estimating the return time of the event in today’s
climate, which was more than 40 years in the case of Phalodi heat,
is useful information in itself.
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Event attribution is an emerging science and currently com-
prises a very small number of studies globally and over India, in
particular. The studies that do exist, however, already show that
the impacts of climate change are locally very different, and also
differ from event to event. Not all extreme events are being made
worse by climate change, while others become orders of magnitude
more likely. Thus, the methodology of event attribution provides
vital information for adaptation decisions as well as understanding
present-day risks.

Discussion

We have discussed the enormous scientific progress that has been
made in recent years in understanding not only how emissions affect
global temperatures (Chapter 2 in this volume) but also how global
temperatures affect regional climate and extreme weather events. The
number of studies is still small, but the science has advanced within
the last few years to now provide the tools that would allow the
development of a more comprehensive overview of what the impacts
of global anthropogenic emissions are across India. The last step in
this chain of causality, from meteorology and hydrology to impacts
on people and assets and loss and damage, has been explored in a
handful of studies outside of India (Mitchell et al. 2016; Schaller et
al. 2016), and while in these studies a significant increase in mor-
tality and flooded properties, respectively, has been attributed to
anthropogenic climate change, damages and losses of life crucially
depend on the vulnerability and exposure. For example, in a city like
Ahmedabad that has a heat action plan, excess mortality due to heat
could be orders of magnitude lesser than in cities without an action
plan (Knowlton et al. 2014).

The levels of scientific evidence for mitigation and adaptation are
still different, but the gap has begun to close. These differing levels,
however, have consequences on the basis of policy decisions on mitiga-
tion, adaptation, lossand damage, and disaster risk management. With
respect to mitigation, while the exact carbon budget to limit global
warming to 1.5°C or 2°C is uncertain, the fact that global emissions
need to reach zero within this century is certain, and thus mitigation
questions are more political, moral, and economic than scientific. In
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terms of adaptation, however, the scientific evidence is more uncertain
for regional changes in temperature and precipitation—in particular
for localized and extreme events. It is these scales of cities and munici-
palities where adaptation takes place. With the rapid development of
the science of attributing extreme weather events to anthropogenic
climate change in the last few years and the application of traditional
detection and attribution methodologies on a regional scale, it is
now increasingly possible to assess the role of anthropogenic climate
change on scales relevant for risk management and adaptation
planning.

As the examples across the world show (for example, Herring et
al. 2016), attribution assessments are relatively straightforward for
some kinds of events, while others represent the current boundary of
the rapidly evolving field. What type of climate and weather events
belong in which category depends not only on the event itself but
also on data availability and understanding of local meteorology. In
particular, in comparatively data-poor regions and for more complex
events like droughts, uncertainties are still rather high.

At the same time, it is at these kinds of places and events where
climate change and development challenges meet and are at risk to
be played against each other. Recent extreme weather events have
been associated with poor harvests, water shortages, and forced
migration in communities struck by floods, droughts, and tropical
cyclones. Stories, photographs, and videos of this destruction have
frequently been used as evidence of the impacts of anthropogenic cli-
mate change; for example, by journalists, campaigners, and research-
ers in the climate adaptation and development/aid community (for
example, blogs and newspapersl). Such coverage implies that global
warming is making these extreme weather events more frequent
and intense, and that for every damaging event climate change is
to blame. Examples discussed here show that this is not always the
case, and incorrect attribution stemming from misunderstanding or
for political reasons will, in the long term, prohibit spending sparse
resources on adapting to those kinds of impacts where climate change

! Some examples are Gsottbauer and Gampfer (2014), Goldenberg
(2014), Sano (2013), and Wojewoda (2014).
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is really a game changer. The findings from the very limited body
of event attribution literature in India show that climate change is
not a major player in two of the three events. This highlights the
importance of taking other drivers of extreme weather into account
in decision making.

However, at the same time, while long-term predictions cannot
provide the only guide to adaptation planning, attribution results
need to be understood across timescales. Even though today a
heatwave in Phalodi has not been made more likely due to climate
change, this will likely change in the future when the climate signal
surpasses the masking drivers. Model simulations of the likelihood
of the 2016 heatwave occurring in a world of 1.5°C and 2°C higher
global mean temperatures indicate a doubling and fivefold increase,
respectively (Otto et al. 2018).

In conclusion, to interpret these findings from the attribution
literature in India, three things are important: first, the sample of
India studies to date is small and has to be read with the broader
global literature which finds that global warming plays a substantial
role in the majority of extreme events worldwide. With a broader
range of India studies, the overall picture might well look different.
Second, whether and to what extent the overall risk of an extreme
event is changing is only partly a question of what happens with the
hazard. Vulnerability and the number of people and assets in harm’s
way determine, to a large degree, losses and damages of extreme
events. Last, event attribution is very powerful because it applies
on the scales decisions are made and where people feel the impacts
of changing risks. Analysing events that have already happened
is concrete and resonates much better with people than abstract
future information. However, in order to make the right decisions
for the future, attribution assessments and climate projections
need to be combined. The scientific development of event attri-
bution has made it possible but, for India, this now needs to be
implemented.

References

Allen, Myles. 2003. ‘Liability for Climate Change’, Nature, 421(6926):
891-92.



Krishna AchutaRao and Friederike Otto 59

Allen, M.R. and W.J. Ingram. 2002. ‘Constraints on Future Changes
in Climate and the Hydrologic Cycle’. Nature, 419(6903): 224-32.
Available at hteps://doi.org/10.1038/nature01092.

Barnett, Tim P, David W. Pierce, Krishna M. AchutaRao, Peter J. Gleckler,
Benjamin D. Santer, Jonathan M. Gregory, and Warren M. Washington.
2005. ‘Penetration of Human-Induced Warming into the World’s
Oceans’, Science, 309(5732): 284-7.

Bindoff, Nathaniel L., Peter A. Stott, Krishna M. AchutaRao, Myles R.
Allen, Nathan Gillett, David Gutzler, Kabumbwe Hansingo et al.
2013. ‘Detection and Actribution of Climate Change: From Global to
Regional’, in T.E Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen,
J. Boschung, A. Nauels, Y. Xia, V. Bex, and PM. Midgley (eds), Climate
Change 2013: The Physical Science Basis. Contribution of Working Group I
to Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge, UK and New York, NY: Cambridge University Press.

Dean, S.M. and PA. Stott. 2009. “The Effect of Local Circulation Variability
on the Detection and Actribution of New Zealand Temperature
Trends’, Journal of Climate, 22(23): 6217-29.

Dileepkumar, R., K. AchutaRao, and T. Arulalan. 2018. ‘Human Influence
on Sub-regional Surface Air Temperature Change over India, Scientific
Reports, 8(1): 8967. Available at http://dx.doi.org/10.1038/s41598-018-
27185-8.

Gillett, N.2, PA. Stott, and B.D. Santer. 2008. ‘Attribution of Cyclogenesis
Region Sea Surface Temperature Change to Anthropogenic Influence.’
Geophysical Research Letters, 35(9). Available at htep://dx.doi.org/
10.1029/2008¢l033670.

Gleckler, PJ., B.D. Santer, C.M. Domingues, D.W. Pierce, T.P. Barnett,
J.A. Church, K.E. Taylor, KM. AchutaRao, T.P. Boyer, M. Ishii,
PM. Caldwell. 2012. ‘Human-Induced Global Ocean Warming on
Multidecadal Timescales’, Nature Climate Change, 2(7): 524-9. Available
at hteps://doi.org/doi:10.1038/nclimate1553.

Goldenberg, Suzanne. 2014. ‘Eight Ways Climate Change Is Making the
World More Dangerous’, The Guardian, 14 July. Available at hteps://
www.theguardian.com/environment/blog/2014/jul/14/8-charts-cli-
mate-change-world-more-dangerous; accessed on 13 May 2019.

Gsottbauer, E. and R. Gampfer. 2014. ‘Liability mechanism to strike an
ambitious climate agreement’. ETH News. Available at https://www.ethz.
ch/en/news-and-events/eth-news/news/2014/08/liability-mechanism-
to-strike-an-ambitious-climate-agreement.html; 13 May 2019.

Haustein, K., M.R. Allen, PM. Forster, EE.L. Otto, D.M. Mitchell,
H.D. Matthews, and D.]. Frame. 2017. ‘A Real-time Global Warming
Index’, Scientific Reports, 7(1): 15417.



60 Changing Climate and Weather

Herring, Stephanie C., Martin P. Hoerling, James P. Kossin, Thomas C.
DPeterson, and Peter A. Stott. 2015. ‘Explaining Extreme Events of 2014
from a Climate Perspective’, Bulletin of the American Meteorological
Society, 96(12): S1-172.

Herring, Stephanie C., Martin P. Hoerling, James P. Kossin, Carl J. Schreck
II1, and Peter A. Stott. 2016. ‘Explaining Extreme Events of 2015 from
a Climate Perspective’, Bulletin of the American Meteorological Society,
97(12): S1-145.

Herring, S.C., M.P. Hoerling, T.C. Peterson, and PA. Stott. 2014.
‘Explaining Extreme Events of 2013 from a Climate Perspective’, Bulletin
of the American Meteorological Society, 95(9): S1-96.

Herring, S.C., N. Christidis, A. Hoell, J.P. Kossin, C.J. Schreck, and
PA. Stott. 2018. ‘Explaining Extreme Events of 2016 from a Climate
DPerspective’. Bulletin of the American Meteorological Society, 99(1):
S1-157. Available at https://doi.org/10.1175/BAMS-ExplainingExtrem
eEvents2016.1.

Jones, Gareth S., Peter A. Stott, and Nikolaos Christidis. 2013. ‘Attribution
of Observed Historical Near-Surface Temperature Variations to
Anthropogenic and Natural Causes Using CMIP5 Simulations’, Journal
of Geophysical Research: Atmospheres, 118(10): 4001-24.

Knowlton, Kim, Suhas P. Kulkarni, Gulrez Shah Azhar, Dileep Mavalankar,
Anjali Jaiswal, Meredith Connolly, Amruta Nori-Sarma et al. 2014.
‘Development and Implementation of South Asia’s First Heat-Health
Action Plan in Ahmedabad (Gujarat, India)’, International Journal of
Environmental Research and Public Health, 11(4): 3473-92.

Knutson, Thomas R., Fanrong Zeng, and Andrew T. Wittenberg. 2013.
‘Multimodel Assessment of Regional Surface Temperature Trends:
CMIP3 and CMIP5 Twentieth-Century Simulations’, Journal of
Climate, 26(22): 8709—43.

Lewis, Sophie C. and David J. Karoly. 2013. ‘Anthropogenic Contributions
to Australia's Record Summer Temperatures of 2013’. Geophysical
Research Letters, 40(14): 3705-9.

Massey, N., R. Jones, EE.L. Otto, T. Aina, S. Wilson, J.M. Murphy, et
al. 2015. “Weather@Home--Development and Validation of a Very
Large Ensemble Modelling System for Probabilistic Event Attribution’.
Quarterly Journal of the Royal Meteorological Society. Available at hteps://
doi.org/10.1002/qj.2455.

Mitchell, D., C. Heaviside, S. Vardoulakis, C. Huntingford, G. Masato,
B.P. Guillod, P. Frumhoff, A. Bowery, D. Wallom, and M. Allen.
2016. Attributing Human Mortality During Extreme Heat Waves to



Krishna AchutaRao and Friederike Otto 61

Anthropogenic Climate Change’. Environmental Research Letters, 11(7).
Available at hteps://doi.org/10.1088/1748-9326/11/7/074006.

Mondal, A. and PP. Mujumdar. 2012. ‘On the Basin-scale Detection
and Attribution of Human-Induced Climate Change in Monsoon
Precipitation and Streamflow’, Water Resources Research, 48(10). Available
at htep://dx.doi.org/10.1029/201 1wr011468.

Mukherjee, Sourav, Saran Aadhar, Daithi Stone, and Vimal Mishra.
2018. ‘Increase in Extreme Precipitation Events under Anthropogenic
Warming in India’, Weather and Climate Extremes, 20: 45-53. Available
at hteps://doi.org/10.1016/].WACE.2018.03.005.

National Academies of Sciences, Engineering, and Medicine. 2016.
‘Attribution of Extreme Weather Events in the Context of Climate
Change’. National Academies Press. Available at hteps://doi.org/
10.17226/21852.

Otto, Friederike E.L., Sjoukje Philip, Sarah Kew, Sihan Li, Andrew King,
and Heidi Cullen. 2018. ‘Attributing High-impact Extreme Events across
Timescales—A Case Study of Four Different Types of Events’, Climatic
Change, 149(3—4): 399-412.

Pall, P, T. Aina, D.A. Stone, PA. Stott, T. Nozawa, A.G. Hilberts,
D. Lohmann, and M.R. Allen. 2011. ‘Anthropogenic Greenhouse Gas
Contribution to Flood Risk in England and Wales in Autumn 2000’.
Nature, 470: 382.

Peterson, T.C., M.P. Hoerling, S.C. Herring, PA. Stott, eds. 2013a.
‘Explaining Extreme Events of 2012: From a Climate Perspective’.
Bulletin of the American Meteorological Society, 94(12): S1-74.

Peterson, T.C., M.P. Hoerling, PA. Stott, and S.C. Herring. 2013b.
‘Explaining Extreme Events 0of 2012 from a Climate Perspective’, Bulletin
of the American Meteorological Society, 94(9): S1-74.

Safio, Naderev. 2013. “Typhoon Haiyan: We Cannot Afford to Procrastinate
on Climate Action’, 7he Guardian, 11 November. Available at https://
www.theguardian.com/world/2013/nov/11/typhoon-haiyan-philip-
pines-climate-change; accessed on 13 May 2019.

Santer, B.D., C. Mears, E]. Wentz, K.E. Taylor, PJ. Gleckler, T.M.L. Wigley,
T.P. Barnett et al. 2007. ‘Identification of Human-Induced Changes in
Atmospheric Moisture Content’, Proceedings of the National Academy of
Sciences, 104(39): 15248-53.

Santer, B.D., TM.L. Wigley, PJ. Gleckler, C. Bonfils, M.E Wehner, K.
AchutaRao, T.P. Barnett et al. 2006. ‘Forced and Unforced Ocean
Temperature Changes in Adantic and Pacific Tropical Cyclogenesis
Regions’, Proceedings of the National Academy of Sciences, 103(38): 13905-10.



62 Changing Climate and Weather

Schaller, N., A.L. Kay, R. Lamb, N.R. Massey, G.]. van Oldenborgh, EE.L.
Otto, S.N. Sparrow, R. Vautard, P. Yiou, I. Ashpole et al. 2016. ‘Human
Influence on Climate in the 2014 Southern England Winter Floods and
Their Impacts’. Nature Climate Change, 6: 627-34. Available at https://
doi.org/10.1038/nclimate2927.

Schiermeier, Quirin. 2018. ‘Droughts, Heatwaves and Floods: How to Tell
When Climate Change is to Blame’, Nature, 560: 20-2.

Sonali, P and D. Nagesh Kumar. 2016. ‘Detection and Attribution of
Seasonal Temperature Changes in India with Climate Models in the
CMIP5 Archive’, Journal of Water and Climate Change, 7(1): 83—102.

Stone, D.A. and M.R. Allen. 2005. “The End-to-End Attribution Problem:
From Emissions to Impacts‘. Climatic Change, 71(3): 303-18. Available
at https://doi.org/10.1007/s10584-005-6778-2.

Stott, Peter A., Ddithi A. Stone, and Myles R. Allen. 2004. ‘Human
Contribution to the European Heatwave of 2003’, Nature, 432(7017):
610-14.

Taylor, K.E., RJ. Stouffer, and G.A. Meehl. 2012. ‘An Overview of
{CMIP5} and the Experiment Design’. Bulletin of the American
Meteorological Society, 93: 485-98. Available at hteps://doi.org/10.1175/
BAMS-D-11-00094.1.

van Oldenborgh, G.J. 2007. ‘How Unusual was Autumn 2006 in Europe?’,
Climate of the Past Discussions, 3(3): 659-68.

van Oldenborgh, G.]J., Friederike E.L. Otto, Karsten Haustein, and Krishna
AchutaRao. 2016. “The Heavy Precipitation Event of December 2015 in
Chennai, India’, Bulletin of the American Meteorological Society, 97(12):
S87-91.

van Oldenborgh, G.J., S. Philip, S. Kew, M. van Weele, P. Uhe, E Otto,
R. Singh, I. Pai, H. Cullen, and K. AchutaRao. 2018. ‘Extreme Heat in
India and Anthropogenic Climate Change’. Natural Hazards and Earth
System Sciences, 18(1): 365-81. Available at https://doi.org/10.5194/
nhess-18-365-2018.

Vautard, Robert, Pascal Yiou, Friederike Otto, Peter Stott, Nikolaos
Christidis, Geert Jan van Oldenborgh, and Nathalie Schaller. 2016.
‘Attribution of Human-Induced Dynamical and Thermodynamical
Contributions in Extreme Weather Events’, Environmental Research
Letters, 11(11): 114009.

Wehner, Michael, D4ithi Stone, Hari Krishnan, Krishna AchutaRao,
and Federico Castillo. 2016. “The Deadly Combination of Heat and
Humidity in India and Pakistan in Summer 2015, Bulletin of the
American Meteorological Society, 97(12): S81-6.



Krishna AchutaRao and Friederike Otto 63

Wojewoda, Nicold. 2014. ‘Europe: Climate Impacts have Never Hit Closer
to Home’, 350.0org, 29 March. Available at https://350.0rg/europe-
climate-impacts-have-never-hit-closer-to-home/; accessed on 13 May
2019.

Xu, Ying, Xuejie Gao, Ying Shi, and Zhou Botao. 2015. ‘Detection
and Actribution Analysis of Annual Mean Temperature Changes
in China’, Climate Research, 63(1): 61-71. Available at http://www.
int293res.com/abstracts/cr/v63/n1/p61-71/; accessed on 13 May
2019.



