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Abstract 

Extreme weather and climate events occur rarely but impact us more as compared to regular weather and climate events. 

Studying such extreme events is challenging both because of a paucity of data and a clear physical framework which can help 

us link data to the physics of weather and climate. In this article, I aim to provide the reader with a simple conceptual framework 

linking the statistics of weather and climate to its physics by building a series of toy models. Finally, I will outline how such 

toy models can help the reader in their own exploration of climate data. 

 

 

Introduction 

Life loves stability. There is strong evidence from many 

regions of the world that higher richness of species in 

ecosystems coincided with geological eras which had a 

relatively stable climate (See Ref. [1], for an example, from 

South Africa). Humans and human civilizations have 

developed and flourished in the relatively stable climate of the 

Holocene. Global financial markets tend to incur significant 

losses when the geopolitical climate becomes uncertain. 

Closer to home, there are good reasons why the Monsoon is 

called India’s “actual finance minister”. One of the reasons for 

this apparent relationship between stability and diversity is 

likely because a stable climate allows for incremental changes 

and innovations to accumulate over time, which may be lost 

or discarded during times of rapid climate change [2]. 

However, this preference for stability is at odds with the fact 

that the climate can vary quite dramatically at nearly all spatial 

and temporal scales. As a rule of thumb, the larger the 

deviation from the mean, the larger is the disruption to 

ecosystems and human societies – think of a mild versus 

severe monsoon drought, for example. “Large” deviations 

from the usually experienced weather and climate are known 

as extreme events. Extreme events – heatwaves, floods, 

droughts, cyclones, for example – are an important object of 

study for climate scientists due to the large impacts they have 

on lives and livelihoods as well as the challenges in 

understanding and predicting them. 

Extreme events occur rarely, but their impacts are 

disproportionately high as compared to their frequency of 

occurrence. Their rarity makes it difficult to collect sufficient 

data to study them, while their impacts make it all the more 

important to understand them well. These opposing issues 

make the study of extreme events both challenging and 

interesting. 

In this article, I will take an intuitive approach to 

conceptualise, analyse and understand extreme weather and 

climate events. While the approach is quite general, I will 

mainly provide examples from extreme events that persist for 

a day or longer, thus excluding phenomena such as 

earthquakes, landslides, flash floods and so on.  

A Gallery of Imaginary Climates 

Consider an imaginary place, M, where an earnest climate 

scientist continuously measures some quantity, Tt, where t is 

time. For our purposes, Tt could represent the temperature of 

this place. If Tt was equal to a constant C for all times, one 

could say that this place has a Stable and Boring climate. We 

could write the probability density function (PDF) of Tt to be 

a delta function, represented by the purple line in Figure 1. 

This constant, C, is usually determined by the boundary 

conditions governing the climate, such as the amount of solar 

radiation incident on the place. In such a climate, evidently, 

there are no extremes of any kind. 

Obviously, a place like the one described above is unlikely to 

exist – sunlight varies due to a variety of factors such as 

rotation of the planet or sunspots, and winds blowing from 

adjacent locations can warm or cool the place. It is convenient 

to think of such changes as random deviations away from C. 

We can next imagine that under the action of such random 

deviations, Tt varies such that any value between Tmin and 
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Tmax is equally likely. Thus, the PDF of Tt is a uniform 

distribution between the above bounds. Such a scenario would 

be nearly the exact opposite of our stable climate – you might 

need to wear sweaters one day and switch on the air 

conditioners at full blast the next day. Here, the notion of a 

climate is itself hard to define, since every value of Tt is 

equally likely. We could call this a Far Too Interesting 

climate, and its PDF is represented by the green curve in 

Figure 1. 

In such a place, there are extreme impacts – depending on the 

values of Tmin and Tmax, it can get really cold or warm – but 

no extreme climate states, since from our experience extreme 

events occur rarely. This brings out another important fact 

about weather and climate extremes: Extreme impacts are not 

necessary linked with extremes of the weather/climate itself. 

In this article, we will focus on extremes of climate rather than 

extreme impacts, though from common experience these two 

co-occur. 

It is worth analysing the energetics of the Far Too Interesting 

climate. To be able to shift from freezing to sweltering (or vice 

versa) in the timespan of a single day requires an enormous 

source (or sink) of heat, and this source/sink must be able to 

overwhelm the boundary conditions we talked about in the 

Stable and Boring case1. This is again likely to be unrealistic, 

and it seems more feasible that smaller changes are more 

likely than larger changes, i.e, 𝑝(𝑇𝑡)  ∝  𝑓(1/(𝑇𝑡 − 𝑇𝑡−1)), 

where Tt is the desired temperature and (𝑇 − 𝑇𝑡−1) represents 

the deviation of Tt from yesterday’s temperature. Starting 

from an initial value close to C, there need to be many small 

random deviations or few large random deviations of the same 

sign to generate an extreme value of Tt, both of which are 

unlikely based on our definition of p(Tt). 

 

Figure 1: A cartoon representing the Imaginary Climates 

discussed in this section. The x-axis corresponding to the two 

shaded regions represent extreme values of the temperature T, 

 

1 This argument is a huge simplification of reality, but it is not 

unphysical. 

and the figure is centered around the climatological value C. 

The PDF for Nagpur was calculated from actual data obtained 

from HadISD [3]. 

Thus, the PDF of Tt in a Somewhat Realistic climate would 

have a peak near Tt = C (we will call this the climate of the 

location) and reduce fairly quickly the farther away Tt is from 

C. This is a more familiar situation, where large deviations 

from C are rare, and they also correspond to extreme impacts. 

This climate is represented by the orange curve in Figure 1. 

We also note that this situation arises because the boundary 

conditions are continuously trying to maintain the value2 of Tt 

at C.  Thus, we can conclude that constraints imposed on the 

magnitude of the deviations naturally leads to the existence of 

extreme events, i.e., climate states that are rarely attained. 

The Somewhat Realistic climate in Figure 1 is represented by 

the normal distribution, which is usually the a priori 

hypothesis made (i.e., the “null hypothesis”') which is then 

tested against actual data. 

To summarize, we have seen how: 

1. The boundary conditions such as land surface properties, 

greenhouse gases and incoming sunlight try to maintain 

Tt close to some climatological value C. 

2. Attaining Tt values away from C is harder the further 

away Tt is from C. 

It is worth emphasising that as climate scientists we are 

interested in the entire PDF of T at M rather than just its mean 

or median. While the mean/median may be useful to provide 

a concise summary (is M a warm place or a cold place?), the 

overall shape tells us a lot about how T varies and how the 

extreme values may behave. 

Figure 1 also depicts the PDF of the daily maximum 

temperatures observed in May at Nagpur in Maharashtra. 

Some of you may be familiar with the fact that Nagpur 

experiences one of the hottest summers in India. You will 

notice that this PDF is different from the Somewhat Realistic 

climate. We will ignore the changes close to the mean, since 

from our experience the highest impact is due to extreme 

events. If we focus on the extremes in Figure 1, (the red and 

blue regions), we see that Nagpur's temperature is less likely 

to reach positive extremes (i.e., “Sweltering”) as compared to 

a normal distribution. This is evident even by looking at the 

figure, but is formally computed as the area under the curves 

which fall in the red region. On the other hand, negative 

extremes are more likely as compared to a normal distribution. 

This situation again emphasizes the difference between 

extremes impacts and extreme climatic states – in May, 

negative extremes of Nagpur’s temperatures are probably very 

welcome! As students of physics, the question that might 

come to our minds is: Why does Nagpur’s PDF deviate from 

a normal distribution, and what does it tell us about the physics 

2 A formal model of the above description provided the core insights 

which led to Klaus Hasselman’s Nobel Prize this year [4, 5]. 
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of the problem? We will look at this question in the next 

section. 

Relating Probability to Physics 

Now, we investigate the question of what happens when the 

processes that lead to extreme events change character. We 

will leave out the question of what these processes actually 

are, so that we can focus on the results of their changes. We 

will come back to this question in the concluding section. 

Changes in the moments of the PDF 

The moments of a PDF – mean, variance, skewness and so on 

– are intimately related to the character of physical processes 

that determine the evolution of any climate variable such as 

temperature, rainfall and wind. Here we will see what happens 

when this character changes, and the impact such changes 

have on the likelihood of extreme events. 

Let us imagine a situation where the random deviations from 

the mean C remain the same, but C itself changes. This would 

serve as a good approximation to global warming or cooling, 

and a cooling scenario is depicted in Figure 2(a). Evidently, 

shifting the mean towards colder values would make negative 

or cold extremes more likely as compared to positive 

extremes. If we reverse this situation so that there is global 

warming, we will be able to understand why the climate 

science community expects heat waves to increase and cold 

waves to decrease. 

Another scenario is when the mean C remains the same, but 

the random deviations are amplified. This leads to the scenario 

in Figure 2(b). Here, there is an increased likelihood of both 

heat and cold waves. This picture reveals something important 

– it suggests that if human influence on climate had only 

affected the variance of weather changes, we would not have 

seen any global warming (or shift in C), but we would have 

seen an increase/decrease in the number of extreme events 

being experienced. Thus, it is important to understand how 

weather processes – modelled here as random deviations – are 

affected due to human activities. 

The third scenario in Figure 2(c) is quite interesting, and 

relates directly to the question raised by the PDF of Nagpur in 

the previous figure. Suppose the processes that lead to positive 

deviations from the mean are less likely than those that lead to 

negative deviations. Take the case of Nagpur itself: located in 

one of the warmest regions in central India, winds blowing 

from other locations towards Nagpur are more likely to be 

cooler than warmer when compared to the local air. Therefore, 

it is plausible to make a hypothesis that cooling Nagpur is 

easier than warming it. This leads to a PDF that is “skewed” 

or asymmetric with respect to the mean C. In this case, there 

is an increase in the most extreme negative states – even more 

so than the other two scenarios – and a strong reduction in 

positive extremes to virtually zero. Furthermore, the mean has 

changed much lesser than in Figure 2(a). This PDF looks very 

similar to the Nagpur temperature PDF, again emphasising 

how one can infer general properties of weather variability just 

by carefully observing the shape of the PDF. 

There are a lot of interesting scenarios that one could construct 

by using combinations of the above three basic scenarios, 

which I leave as an exercise to the interested reader. 

 

Figure 2: Changes in the extreme values of a distribution due 

to changes in its moments. In all figures, the red and blue lines 

indicate thresholds for positive and negative extremes 

respectively. The area of under PDFs beyond the thresholds is 

shaded, and this area is a measure of the probability of 

extreme events. 

Interaction between scales 

The climate of any place is influenced by processes operating 

on a wide variety of time scales. There are fluctuations as day 

turns into night, summer turns into winter, and as warm, 

equable climates turn into ice ages. Another feature of this 

variability becomes clear if we reflect upon these changes – 

the longer the time scale of the variation, the larger its 

amplitude. Diurnal changes are less dramatic when compared 

to seasonal ones, which are in turn mild compared to the 

changes you would experience during an ice age. A more 

topical issue is increasing carbon dioxide emissions and the 

changes in climate due to the resulting global warming. 

In this section, I will briefly discuss a conceptual model for 

interaction between different scales of variability in the 

climate system, and its implications for extremes. 

Until now, we have assumed that there is a fixed, unchanging 

climate and there are random deviations about this climate due
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to weather processes. But as we saw in the previous 

paragraphs, the climate itself can change depending on the 

time of the day, the season, or the orientation of the earth's axis 

of rotation. This observation leads to a fundamental question: 

are the statistics of weather – modelled as random deviations 

in this article – independent or dependent on the current state 

of the climate? Answering this question precisely requires a 

deep dive into the fluid dynamics of the atmosphere, but we 

can again use a simple approach as the one discussed in the 

previous section to create scenarios. To formalise this analysis 

procedure, let us decompose the temperature Tt into a mean 

and time-varying component 

𝑇𝑡 = 𝐶 + 𝑇′ (1) 

Now, we can write down an equation for T' as 

𝑇′(𝑡) = 𝑇′(𝑡 − 1) + η(𝑡) (2) 

where 𝜂(𝑡) is a time dependent random variable whose 

characteristics we have talked about previously. If the climate 

itself varies, and the weather is considered independent of the 

climate, then the above equations would be modified as 

follows    

𝑇𝑡 = 𝐶(𝑡) + 𝑇′(𝑡) (3) 

𝑇′(𝑡) = 𝑇′(𝑡 − 1) + η(𝑡) (4) 

Furthemore, if the weather is dependent on the climate state, 

then we could further modify this as 

𝑇𝑡 = 𝐶(𝑡) + 𝑇′ (5) 

𝑇′(𝑡) = 𝑇′(𝑡 − 1) + η(𝐶(𝑡), 𝑡) (6) 

where 𝜂(𝑡) is now dependent on the current climate as well. 

The dependence of weather statistics on climate is not far-

fetched. For example, the PDF of deviations of rainfall from 

the mean during the pre-monsoon is likely to be different from 

the deviations during the monsoon season, since pre-monsoon 

showers are mostly thunderstorms whereas we rarely 

encounter thunderstorms during the monsoon. Why this is so 

is an entirely different question, but the point to be made here 

is that dependence of weather statistics on climate is 

physically likely. 

Though such scenarios may not all be plausible, they provide 

us with simple conceptual tools to understand the way in 

which extreme events can change in a changing climate. 

Furthermore, such exercises in “climate fantasy” can provide 

us with testable hypotheses which can then be explored using 

data or climate models. 

From Scenarios to Science 

As mentioned previously, the simple toy models described 

above can be used to derive hypotheses which can be explored 

using data or climate models. As an illustration of the process 

to translate scenarios to science, let us take our favourite 

example of temperature T. We can access the daily data for 

any given location using freely available sources such               

as  the  HadISD  dataset  mentioned  previously. Let us choose 

“climate” to refer to the long-term mean value of temperature 

for a given month at this location. We could also have chosen 

the long-term mean of the entire year or a given week as the 

climate, and this is simply a choice we make given our 

interest. 

We can then subtract the daily data from the climatic value – 

for example, we subtract May’s mean value from all the 

temperature data for May in the dataset and similarly for all 

other months. This gives us the “random deviations” that we 

have been talking about until now. 

We can then compute the statistics of these deviations. We 

could also divide the data into different decades and compute 

these statistics for each decade and see how they have 

changed. Has the mean changed or the variance? How about 

the skewness? By how much has the probability of heat or cold 

waves, excess or deficient rainfall changed over the past 

decades? By asking simple questions such as these, we can 

explore the impact of global warming, if any. We could also 

check to see which months have been impacted most by global 

warming – summer, monsoon or winter months. 

We can also choose days with extreme values and see how 

their characteristics have changed over time -- their intensity 

(the value of the 95th percentile, for example), their duration 

(the number of days exceeding the 95th percentile), their 

clustering (how often such days occur one after another) or 

their impacts (additional deaths or damage that occurred 

during such days). 

Analysing processes is slightly more challenging since it 

requires additional datasets, but is conceptually simple. For 

instance, we could plot the winds, pressure and temperature 

during heat/cold waves at different levels of the atmosphere 

and across a large area to identify wind/pressure/temperature 

patterns that co-occur with extreme temperatures. Such 

analyses will require a good knowledge of climate science for 

interpretation, but identification of patterns is a standard data 

analysis task that could be achieved (for instance) by a 

standard clustering algorithm, for those familiar with such 

techniques. 

These are simply a few examples of the wide variety of 

explorations that can be done by anyone with access to a 

computer and the internet. Such explorations can help each 

one of us to understand our own region's climate and its 

variability, and empowers us to make informed decisions 

about the role played by weather, climate and climate change 

in our lives. 

References 

1. W. Thuiller, G. F. Midgley, M. Rougeti, and R. M. Cowling, 

Ecography 29(5), 733–744 (2006) 

2. J.-C. Svenning et al., Annu. Rev. Ecol. Evol. Syst. 46(1) 551–572 

(2015) 

3. R.J.H. Dunn, K.M. Willett, D.E. Parker, and L. Mitchell, Geosci. 

Instrum. Methods Data Syst. 5(2), 473–491 (2016) 

4. K. Hasselmann, Tellus 28(6), 473–485 (1976) 

5. P. Sura, Atmos. Res. 101(1), 1–21 (2011) 


