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Personally Understanding

Earth’s Recent Warming

A firm foundation from which to engage in
discussions of climate change
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Introduction

Many of us find it easier to accept the reality of some feature of nature when
we have a personal understanding of how it occurs. With this in mind, this
paper seeks to share the surprisingly straightforward explanation of the
increase in global temperature witnessed in the last few decades, in an
accessible way. The well-established physical principles used are routinely
applied in other areas of physics and engineering, but are not familiar to
everyone. Their application to recent global temperature rise shows that it is
humanity’s activities that are the dominant factor. That means that we can
choose to change the rate of temperature rise, by changing our activities.
This is set against the reality that most of us don’t want to be told to change
our ways, and some may benefit materially from maintaining the status quo,
so it is natural to want the interpretation to be wrong. However, the link

between human activity and global temperature rise is strikingly clear.

Katharine Hayhoe! points out that a substantial majority of people are
open to discussion of the evidence. However, the way in which the evidence
has been presented and challenged over the years has led to an unrealistic
sense of uncertainty for many of us. This paper attempts to offer a non-expert
reader (but one prepared to engage) a fresh chance of understanding what is
happening, and why. One aim is to help the reader to access the greater
detail that is available through reports from the IPCC (Intergovernmental
Panel on Climate Change), as well as through thousands of books and
scientific papers. Most importantly, the paper aims to allow the reader to
have evidence-based conversations with others, so that collectively we might
put behind us the questioning of what is clearly demonstrated to be
occurring, and move forward in embracing measured, appropriate and

effective action for limiting the ongoing warming of our world.

1 Saving Us, Katharine Hayhoe, One Signal Publishers (2021).
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The Stages of the Discussion

A sequence of questions to address in order to build an understanding of

Earth’s recent? warming is as follows:

—

Is the temperature of the Earth, where we live, rising?
What is the atmosphere?

What are we doing to the atmosphere?

Does this cause the temperature to rise?

Would changing our activities change the rate of temperature rise?

o g p w N

How should we respond to this knowledge?

Is the Temperature Rising?

As recently as the early 1990s, you needed to be something of an expert to
try to answer this question. However, this time has passed. It is no longer
necessary to process huge amounts of data from around the globe to assess
whether or not the world is warming. We now experience the effects
wherever we live.3 A record of locally measured temperatures over the last

few decades will usually reveal the warming.

The example in Fig. 1is from Meteorological Office data for Oxford,4
downloaded and simply averaged over a rolling ten year period. Overall, we
might say that the graph shows that from the late 1800s to around 1990 there
is a roughly constant ten-year-averaged temperature of close to 10°C, with

excursions visible on a timescale of a decade or two. Since around 1990, a

2 Recent here refers to the last few decades, as will become clear when we look at the data. A more
comprehensive, but still accessible, discussion of the processes at work in the temperature rise can be
found in The Physics of Climate Change, Lawrence M. Krauss, Head of Zeus Ltd (2021).

3 Albeit that in the UK and many other areas, our standard of living, and pre-industrial climate, have
largely insulated us from serious effects so far.

4 The data were downloaded from https://www.metoffice.gov.uk/pub/data/weather/uk/climate/
stationdata/oxforddata.txt on 11th November 2024. Data for other UK weather stations can be found via

https://www.metoffice.gov.uk/research/climate/maps-and-data/historic-station-data .

Personally Understanding Earth’s Recent Warming. Bp50 (https://jri.org.uk/briefings/). 3


https://www.metoffice.gov.uk/pub/data/weather/uk/climate/stationdata/oxforddata.txt
https://www.metoffice.gov.uk/pub/data/weather/uk/climate/stationdata/oxforddata.txt
https://www.metoffice.gov.uk/research/climate/maps-and-data/historic-station-data
https://jri.org.uk/briefings/

12

8 . f/
o 11 !
g 4
g h
(0] a/w‘ A A N/
2 10 w . L LM N Y A A W
: S v
o W,/
8 9 g
%
@)

8

1850 1900 1950 2000 2050

Year at Centre of Ten-Year-Average

Figure 1. Average temperature in Oxford over time. Averages are
over ten years, centred on the date shown (Met. Office data:
“Contains public sector information licensed under the Open

Government Licence v3.0”)

rising trend becomes noticeable, and that suggests that the average now is

closer to 11.5°C.5

We see that there was a dip in average temperature over the last decade
or so, with warming now more clearly carrying on. This hiatus in temperature
rise was seen in global data as well, and its appearance in the Global Mean
Surface Temperature (GMST) was explicitly discussed in the fifth round of

reporting by the IPCC,6 during the hiatus itself. For those who have not ever

5 There is a small effect of the so called “Urban Heat Island” in these results from Oxford, meaning that
the area around the Radcliffe Observatory where the measurements are taken from has changed from
being the edge of Oxford development in the early days, to now being surrounded by streets and
houses. In Oxford Weather and Climate since 1767, Stephen Burt and Tim Burt (OUP (2019)) discuss this
in detail and conclude that about 0.2°C of the rise is due to this. We need to be aware of such effects,
and quantify them when discussing what is happening, in order to be accurate in our assessments, and
in particular to engage with those that raise quite reasonable questions.

6 Section TS.2 (p37) of Working Group 1 report. Technical summary at: https://www.ipcc.ch/site/assets/
uploads/2018/02/WG1AR5_TS_FINAL.pdf Full report at: https://www.ipcc.ch/report/ar5/wgl/. The IPCC
was set up jointly by the World Meteorological Organisation (WMQ), and the United Nations
Environment Programme (UNEP), having its first meeting in 1988. It is the major international body
bringing together all of the research on the state of the climate. At the time of writing it has gone
through 6 cycles of reporting. There are three working groups each reporting, with a synopsis report
coming out after all the groups have reported. The most recent (6th) round of reporting was as follows:
AR6 Climate Change 2021: The Physical Science Basis, AR6 Climate Change 2022: Mitigation of Climate
Change, AR6 Climate Change 2022: Impacts, Adaptation and Vulnerability, AR6 Synthesis Report:
Climate Change 2023.
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looked at an IPCC report, this is a good opportunity to do so. They are a
breath of fresh air in presenting information and interpretation, albeit in
significant detail, the clarity and balance of which can sometimes be lost in

the subsequent reporting in the media and elsewhere.

Looking back now from nearly ten years on, the hiatus is clearly seen to
be a transient excursion superimposed upon an underlying rise. That rise will

be shown below to be the expectation based on ongoing emissions.

Seeing the underlying trend in locally recorded data accords with
anecdotal experience of many of us, especially gardeners, in the changing of
the seasons, occurrence of record temperatures etc. Seeing the changes in

local data removes the sense of needing to trust the wider scientific
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Figure 2. Ten-year-averaged temperature from Fig.1 (blue line)

with monthly averages (green spots). (See Fig. 1 for licensing)

establishment in the processing of data, and for some of us this helps to

engage with the reality of what is happening.

The graph in Fig. 2 shows the same ten-year averaged temperature
trend, but now set against the individual monthly averages from which it was
calculated. The scale on the vertical axis now has to cover from below 0°C to

above 20°C (respectively to include all winter months, like January and
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February in 1963, and all summer months, such as July 2006 and August
2022).

We need to be mindful of the differences between the two ways of
looking at the history of the temperature (the blue line and the green spots in
Fig. 2), especially when discussing with those who have not looked into this
matter in detail before. Our lived experience is really more like the green
spots than the blue line. We remember particularly hot summer months or

cold winter months, and the underlying warming is hard to register amongst

Average Temperature (°C)

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 3. Decade-averages of the data shown in
Fig.2, for 1963-1972 (orange), 2013-2022 (red),
with reference temperatures of 5°C (blue dashes),
10°C (orange dashes) and 11.5°C (red dashes).
(See Fig. 1 for licensing)

the much larger local variations through any given year. However, the

underlying warming remains present, and highly significant, for the global

climate and weather.

The warming is also relevant locally, in the changing of the seasons. Fig.

3 shows data for Oxford again, but now decade-averaged for the monthly
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data from 1963-1972, and from 2013-2022, with reference lines plotted at 5°C,
10°C and 11.5°C. The increase in average temperature seen in the earlier plots
is now seen as being an uplift across the whole year. In particular, whereas in
the decade half a century ago there were three months with decade-
averaged temperatures below 5°C (December, January and February), in the
most recent decade there were none. A practical manifestation of this is that
for those taking an interest in roses, the dormant winter period when it is
best to prune is reported as being dramatically reduced (in December 2024
fresh leaves and a bud grew on a rose close to the location of writing this, on
a rose that previously only bloomed in summer). This is but one example of
how there are specific thresholds for life that are being affected by the uplift
in temperature. The other two levels shown in Fig. 3 are those referred to
above in describing how the long-term average for the Oxford data might be
thought of as 10°C for the period including the 1963-72 decade, whereas in
recent years it has risen to more like 11.5°C. They are included to help link

together these various ways of looking at the measurements.

This discussion of records from just one weather centre is aimed at
showing how clearly the warming trend is seen, in even local measurements.
However, for a complete picture of the overall energy balance for the climate
of the planet, suitable for analysis or modelling, it is necessary to use data
averaged across the planet. Such data are what are normally referred to in

mainstream media reporting e.g. as published by the IPCC.

What is happening has become much clearer in recent years. Hans
Rosling” emphasises our need to base decisions on up-to-date data, rather
than rely on recollections of how the world used to be. For many of us, we
remember a time when the data used to be open to discussion — as to

whether or not significant warming was occurring, whereas in 2024, in line

7 Factfulness, Hans Rosling with Ola Rosling and Anna Rosling Ronnlund, Sceptre (2018).
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with the apt title of Alice Bell’s book, Our Biggest Experiment,8 we have

allowed the planet to warm by enough that the result is all too clear.

So, in summary: yes, the temperature is rising, now globally up by over

1°C since pre-industrial times, and significantly more than this in some areas.®

What Is the Atmosphere?

The Earth’s atmosphere is the relatively thin layer of gas that envelops the
globe. We say relatively thin because if we scaled the Earth down to a ball
that was a metre in diameter, the atmosphere would appear as a layer just a

millimetre or so thick.

<1m >

Figure 4. Visualisation of a column of air, 1 metre wide, 1 metre from front to back
and extending all the way up to beyond the atmosphere.

However, in everyday terms, the Earth is of course very large, so even
this “relatively” thin layer extends for miles above sea level. Aeroplanes fly at
heights of 6 miles or more (above sea level), and can only do so because
there is sufficient air at that height to provide the necessary lift. At this point

let us introduce the idea of a vertical column of atmosphere, 1 metre wide

8 Our Biggest Experiment, Alice Bell, Bloombury Sigma (2021).

9 See Cross-Section Box TS.1: Global Surface Temperature Change in the IPCC Working Group 1 report,

e.g. found at https://www.ipcc.ch/report/ar6/wgl/downloads/report/IPCC_AR6_WGI_TS.pdf
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and 1 metre from front to back, but extending up until the atmosphere

becomes so thin that we think of this as outer space (see Fig. 4).

Assuming that we are somewhere within a few tens of metres of sea-
level, that column would contain 10.3 tonnes of air.’0 The weight of all that air,
on each square metre of surface, is what causes our surface pressure of just
over 100 kPa."" We tend not to think about that significant pressure very
much, because it is present both inside and outside our bodies. However,
each time we expand our chest cavities with the muscles that connect our
ribs, we open our lungs up, and the resulting drop in pressure means that the
external pressure forces air to fill our lungs i.e. we breathe in. So this is an

important everyday reality.

What Are We Doing to the Atmosphere?

The numbers discussed in all of this can be hard to take in. However, it is well
established and easy to verify that, since the start of the industrial revolution
human activities have put hundreds of billions of tonnes of carbon into the
atmosphere, in the form of carbon dioxide. How can we make sense of that
large number? Well, using one number based on data from BP,'2 as a species
we have put 500 gigatonnes of carbon® into the atmosphere in the form of
carbon dioxide (CO>). That is 5x10" kg of carbon. 5x10' is the short form of
saying 5 followed by 14 zeroes i.e. 500,000,000,000,000. That is a big

10 |f this seems unreasonable to you, consider that a cubic metre of air at sea level has a mass of a little
over 1kg (normally quoted between 1.2 and 1.3kg depending on assumptions about the temperature),
and that if that density of air was constant it would stretch up to a height of over 8000m. Note also
how being on higher ground will reduce the total, because there is less air above.

" Some of us have a memory of Imperial units, in which the pressure is 14.7 pounds per square inch. If
this is more comfortable for you then, multiply by the number of square inches in a square metre, and
you will get back to the (at first sight) seemingly very large mass of air above a square metre of surface.

2 The Climate Question, Eelco J Rohling, Oxford University Press (2019) presents and discusses data
originally from BP, that covers up until 2017. The (small) extrapolation of which to 2024 is clear.

13 That equates to a little over 1800 gigatonnes of carbon dioxide (CO»), as explained shortly in the
main text.

Personally Understanding Earth’s Recent Warming. Bp50 (https://jri.org.uk/briefings/). 9


https://jri.org.uk/briefings/

number. However, so too is the number of square metres in the (horizontal)

surface area of the planet. That number happens to be 5x10' also! So, since
the start of the industrial revolution humanity has emitted 1 kg of carbon into
the atmosphere for every square metre of the (horizontal) surface area of the

planet.'4

How does this compare with the over 140 parts per million rise in CO>
content since pre-industrial times, as seen in 2024, e.g. as derived from
measurements from the work started by Charles David Keeling in the 1950s
on Mauna Loa, and routinely reported and referred to? Well, we need to
consider that column of air above each square metre of the planet again.’s
Taking proper account that the parts per million are for the number of
molecules and allowing for the molecular mass of CO», we arrive at the
human effect on the atmosphere being an additional 0.5 kg of carbon in that
column. So, although humanity’s actions have emitted roughly twice as much
as this, only about half of it is still there. The remainder has been absorbed by
the oceans (they are more acidic as a result), living organisms, rocks and

minerals.

Different people process information in different ways, so if this is not
immediately eye-opening for you, do try pondering it for a while, because
obtaining a number like this, that is normalised to the surface area of the
planet,'6 offers much. It is too easy to think that one’s own contribution
somehow disappears off into the huge volume of the air around us, without

really thinking how this relates to the more than 8 billion people that might

14 Whilst we can discuss modest changes in the number of gigatonnes emitted depending on the
source of the data, 1kg/m?2 is a safe “order of magnitude” estimate of our contribution.

15 Some will rightly realise that for the columns to join together on the globe of the Earth they actually
flare out very slightly with height, but the effect is so small as to be irrelevant to the main discussion.
E.g. the 1 metre by 1 metre at surface level becomes 1.002 metres by 1.002 metres at a height of 13 km.

16 This includes both land and ocean area — so essentially 47R2 where R is the effective radius of the
Earth, allowing for the real, oblate spherical shape.
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also be thinking this. We now have a yardstick against which we can measure

our contribution.

In his book, How Bad are Bananas?,7 Mike Berners-Lee gives the carbon
footprint average for UK residents as 12.7 tonnes per year of CO2 equivalent
(CO2e). CO2e amounts include an allowance for contributions of greenhouse
gases that are other than CO itself. However, that is a modest contribution of
around 20% usually. Now to compare with the number we have just arrived at
we need to get this in terms of just the carbon (the mass of the added
oxygen means that there is just 0.27 kg of carbon in each kg of carbon
dioxide'®). So allowing for both this equivalence and the mass of just the
carbon we have the average UK lifestyle adding around 3 tonnes per year of
actual carbon to the atmosphere. That corresponds with the additional
amount that is present in the atmosphere due to human activities since the
start of the industrial revolution over an area of just over half a hectare.!®
Whilst we could allow for absorption in the oceans, the ball park figure of a
UK resident contributing enough CO> to be equivalent to the already
post-1850-human-produced change for around half a hectare in just one year
is memorable and helpful for comprehending the reality. If we divide the UK
land area by the UK population, we get a smaller area than this. From this it
seems positively tangible that humanity together has had the impact on our
planet’s atmosphere that we see, because on this reckoning (ignoring

offsetting) most of us can see our lives are contributing a number of “metres

17 How Bad are Bananas?, Mike Berners-Lee, Profile Books Limited (2020).

'8 For those with a little chemistry background, 0.27 is from 12/44, where 12 is the molar mass of carbon
and 44 is the molar mass of COa.

9 This is well over an acre, in Imperial units.
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squared worth” of CO2 to the atmosphere each day.20 Apprehending this

reality was a watershed moment for me.

A brief note on the UK carbon footprint?' value. This is often now quoted
as closer to 5 tonnes?2 per person per year. However, to get that lower
number one has to ignore goods that are imported from abroad, and air
travel. Both of those represent real costs of the average UK lifestyle, and their
absence from presentations that conclude with a value closer to 5 is more an
issue of accounting than of practical living. There is also the choice of
referring to CO2e or CO2. Thinking of 10 tonnes per person per year bridges
sensibly between these different work-ups and better demonstrates the
magnitude of the task in front of us in terms of reducing the climate-impact

of our UK lifestyles.

So, in summary: humanity’s activities have significantly changed the
amount of carbon dioxide in the atmosphere. The amount of change is
actually less than what it would have been, were it not for the absorption in

the oceans, living organisms and rocks.

Does This Cause the Temperature to Rise?

Having seen that human actions have significantly changed the amount of

carbon dioxide in the atmosphere, we need to understand whether and how

20 There is a conceptual issue here. We are comparing present annual emissions with the effect of the
total industrial emissions to date. The aim is to get a picture of how our activity is enough to explain
what is there, rather than to extrapolate to what the additional emissions would mean. This is an
important distinction as it is clear that we currently benefit from our emissions being shared over other
areas of the world than the UK landmass. We are trying to get a perspective on personal accountability.

21 Somewhat confusingly, the phrase “carbon footprint” usually refers to a mass of carbon dioxide, not
just the mass of the carbon within that carbon dioxide.

22 https://ourworldindata.org/co2-and-greenhouse-gas-emissions accessed 6th December 2024 even
shows 4.6 tonnes for 2022, however selecting “consumption-based” rather than “territorial” gives 7.2
tonnes for the same year (the latest for which the consumption based data were available, hence the
choice of year). The “learn more about this data” link below the plot of carbon dioxide explains that
international air travel is not included. That will add a tonne or more to the UK picture based on the
breakdown in How Bad are Bananas?, referenced above.
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that might be related to the rise in temperature. To explore this we need to
know a little about greenhouse gases. We hear a lot about these, but what

are they?

In general a planet’s atmosphere will be made up of a mixture of gases.
The “greenhouse” gases are those that significantly prevent heat from leaving
the planet, and therefore mean that it becomes warmer than it would be
otherwise. They are referred to in this way because they act a little like a
greenhouse, in achieving higher temperatures for the same amount of

sunlight, by limiting the loss of heat.23

Whilst greenhouse gas effects may seem a little remote, we all encounter
aspects of heating and cooling in our everyday lives. Many of us will have
come across a hot water cylinder (in domestic plumbing). Heat is put into the
water, perhaps by an (immersion) heating element. A layer of insulation
around the (usually metal) cylinder means that the temperature of the
outside surface is relatively low in comparison with that of the water inside.
Heat is therefore lost more slowly from the outside of the insulation than it
would be directly from the water, and that water will heat up to a higher

temperature than it would do without the insulation.

Although on a much larger scale, the Earth’s climate behaves somewhat
similarly. The sun sends heat into the Earth’s atmosphere, surface and
oceans. The atmosphere provides a layer of insulation, and the average
temperature is set by the amount of heat and the amount of insulation, it

being higher than it would be without the insulation.

One of the challenges with simply accepting this is that most of us don't

have much experience of the way in which heat is transferred, how insulation

23 An actual greenhouse partly achieves this by keeping the warmed air inside, rather than preventing it
losing its heat (by radiation), so the analogy is a bit misleading. Read on to understand what is actually
happening.
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works and so forth. However, the operation of the atmosphere as an

insulating blanket has been known of for a very long time.

It is now two centuries since Joseph Fourier realised that the Earth would
be too cold to support life, unless there was a mechanism that retained heat
in the atmosphere.24 This realisation was based on the well established
physical effect that all things, including planets, stars and indeed human
beings, radiate heat, the amount of which depends on their temperature. The
Earth’s surface temperature is set by a balance between the incoming heat
and the outgoing heat. We feel the incoming heat on our backs on a sunny
day, but the outgoing heat is less obvious to us. However, infra-red camera
images are possible because of this (much lower) level of emission. Not only
is there a lower absolute level of this heat, but it is also in a form that our eyes
are not sensitive to (hence the need for the infra-red camera that detects that

heat and displays an image based on the detected information).

Incoming Solar Sun

Figure 5. The essential flows of energy into and out of the top of the atmosphere.

24 Many authors discuss Fourier’s work, quoting different publications in the 1820s. His contribution to
our developing understanding is covered, for example, in The Physics of Climate Change, Lawrence M.
Krauss, Head of Zeus Ltd (2021).
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Looking at the heating coming in from the sun (largely) in the visible part
of the “electromagnetic spectrum” (heating indicated in yellow in Fig. 5),
some is reflected (e.g. by clouds) and the rest is absorbed by the
atmosphere, surface and oceans of the Earth. Being colder than the surface
of the sun, the Earth’s oceans, surface and atmosphere emit heat in a
different part of the electromagnetic spectrum, namely in the infra-red region

(this emission being indicated in bluish green in Fig. 5).

If the system is initially in balance and then something prevents some of
the terrestrial emission from leaving, the Earth will have an excess of heating,
its temperature will start to rise, and the system will otherwise adjust until the
balance is restored. The complexity of the climate system means that we
might wonder about whether, as the temperature starts to rise, the level of
cloud cover might increase, or some other part of the system change so that
we get rather less than the full amount of temperature rise that we would
have expected for the initial change of the balance. Forty or more years ago
it was more reasonable to hope that this might be the case. We will see below
that the temperature rises that we discussed above have now demonstrated
that the response of the average temperature is in fact strongly related to the

change in the level of insulation provided by greenhouse gases.

So how do greenhouse gases work? The effect is like the insulating jacket
around the water cylinder. The temperature at the surface of the metal
cylinder is analogous to the temperature at the surface of the Earth. The
temperature at the outside of the insulating jacket on the cylinder is much
lower, analogous to the temperature at the top of the troposphere?s and for
the next few km of atmosphere above that, that is much lower than the

surface of the Earth. The analogy only exists because of the greenhouse

25 The troposphere is the lowest 10km or so of the atmosphere. It is where most of the weather occurs
in terms of clouds, and precipitation.
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gases. The tricky part of it is that these gases only affect specific parts of the
spectrum of heat loss, and it is only those parts that finally leave from above
the top of the troposphere, where it is colder. Other parts of the spectrum
are able to pass more directly out into space from the Earth’s surface or lower
atmosphere, where it is warmer and more heat is carried away in those parts
of the spectrum. So the insulating effect of the greenhouse gases is effective
for only some of the heat flow.26 However, the more greenhouse gases we
have, the broader the regions of their blocking, and the higher the
temperature (of the lower atmosphere and surface) becomes until the same

total amount of heat is sent back out into space.?”

Each different greenhouse gas restricts the losses from the atmosphere
in its own specific way. This restricting effect has been measured
experimentally since the middle of the nineteenth century.?8 The effect of
carbon dioxide is only about a fifth29 of the total greenhouse effect that
Fourier identified, with water vapour, ozone, methane and nitrous oxide all
contributing to the restriction of the outflowing energy. Water vapour
accounts for about half of the overall effect but it follows rather than leads, in
the sense that the amount of water vapour in the atmosphere is determined
by temperature, increasing by about 7% for each degree of temperature rise
for the temperatures that concern us here.30 The total effect of all of these

gases is the insulating greenhouse effect that Fourier discovered, and which

26 The more physically versed reader will hopefully allow that we are talking about different
mechanisms of heat transfer in the two cases, largely conduction for the cylinder and radiation for the
atmosphere, but it is hoped that the use of language here allows understanding of the essence of what
is happening.

27 This description tries to give a reasonable understanding of what is occurring. It is somewhat
concerning sometimes to read something like this and wonder how much there is behind it. The reality
is that there is very sound and detailed physics, described mathematically, from which it is possible to
make accurate calculations, but not all readers would appreciate seeing that detail here.

28 See for example the reference by Bell above.
29 The Climate Question, Eelco J. Rohling, Oxford University Press (2019).

30 Atmosphere, Weather and Climate (9th Ed.), Roger G. Barry and Richard J. Chorley, Routledge (2010).
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had been providing a climate with a fairly constant average temperature for
centuries, before we started to change the balance at the start of the

industrial revolution.

One thing that | find really striking here is that for over half a century we
have had satellites that have been measuring the spectrum of the outgoing
radiation, and hence have been able to see this effect. So this is not some
theoretical argument that can be dismissed. We have direct evidence of the
sections of the emission that are blocked by the different greenhouse gases.
By looking at these measurements of the infra-red spectrum leaving the Earth
even fifty years ago, we could work out how we would expect the
temperature to rise with increasing levels of carbon dioxide, and the result

agrees very well with what we are seeing happening.

So, if the only thing that changes in the atmosphere is that carbon
dioxide increases, we see that the temperature has to rise in order to
maintain the equilibrium. We have reliable measurements that show that the
carbon dioxide level has gone up by around 50% since pre-industrial times.3’
And the amount by which we expect the temperature to rise from this is of
the order of a degree or two, based on even a basic-physics understanding of
how the infra-red absorption in the atmosphere will change because of this,
let alone allowing for all the significant complexities.32 More significantly, this
is also comparable with what we have measured over recent decades. This is
the challenging part when discussing with those that emphasise uncertainty.
Some of this is well-established physics, and it would be more surprising if

the Earth was not warming, than that it is.

31 The Mauna Loa measurements pioneered by Charles David Keeling are helpfully explained in The
Physics of Climate Change, Lawrence M. Krauss, Head of Zeus Ltd (2021), and the wider context is
discussed in the IPCC reporting referenced above.

32 As mentioned above, one complexity is that as the temperature of the atmosphere rises, so does its
water vapour content, and water is also a greenhouse gas, thereby amplifying the effect of other
changes. See discussion of the Clausius-Clapeyron relationship, for example in Barry and Chorley.
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We have already mentioned that the Earth is a highly complex system,
and many aspects of the climate are affected by our activities and by natural
phenomena. Hence even with this understanding of the warming effect of
carbon dioxide that has been known of in one form or another for well over a
century, a few decades ago there was hope that the planet might yet be able
to adjust somehow to the changing carbon dioxide levels. However, an
extraordinary amount of detailed work has been done on this now, and the
IPCC reports are helpful in providing easy access to the research that shows
that all of the other known effects (of which there are quite a few) seem to
more or less cancel each other out until the majority of the rise in
temperature corresponds with that expected due to the carbon dioxide

rise.33

So yes, the change in the amount of the greenhouse gas, carbon
dioxide, is the most significant cause of the temperature rise that we have
been experiencing in recent decades, albeit that there are other effects that

have some influence.34

Would Changing Our Activities Affect the Rate of

Temperature Rise?

Given that we have seen that as a species we have driven a temperature rise,
we have already proved that we can affect this. However, the entire climate
system is complex, and other parts are already responding to the changes
that have occurred. Many complex systems have within them a degree of lag
in response to past changes, and the climate is no exception. So, yes, looking

“from the top down”, changing our activities to emit less greenhouse gas on

33 See figures TS.13, TS.15 in the 6th report of the IPCC WG, referenced above.

34 See figure 7.8 in the 6th full report of the IPCC WG1. This report is large (over 400MB), and you may
prefer to just access chapter 7. Go to https://www.ipcc.ch/report/ar6/wgl/ to consider the options.
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a global scale can affect the temperature rise, but not simply as a direct

reverse of what has occurred already.

Looking “from the bottom up”, there are practical benefits from
engaging with this issue at a personal level. We can save substantially on our
costs of living if we waste less. An example shows that an already partly
insulated house may have just a few hundred pounds spent on loft insulation
and curtains, with savings of a comparable size on annual heating costs.35
That is to say, the return on investment can be on the timescale of a year or
less. Similarly it is possible to reduce meat content in diets, fly less, drive less
and address all of the other big-ticket items of one’s carbon footprint that
people discuss.36 All of this can be carried out in a positive rather than
negative frame of mind, looking to engage more with one’s local community,
looking for the beauty in the world on one’s doorstep rather than on the other
side of the world, etc. One person making such changes will of course be
practically invisible in the contributions of the world population of 8+ billion
people. However, recent research shows that those of us that care about this
issue consistently underestimate how much others also care.3” Hence we
should be looking to build community, and encourage one another, and look
to change public opinion by showing that it is possible to live better, more
fulfilling and more authentic lives by embracing the stewardship of our

beautiful world.

We need to develop new technologies and look for more efficient ways
to do things. However, we must not use this as an excuse not to do the
practical things that we know we should be doing. There is lots of discussion

of the need to ban gas boilers, but there should be nuance in our approach

35 Based on personal experience, but also quantified in the Daily Telegraph 25th August 2022 — a full
spread article on energy saving advice.

36 See for example Not the End of the World, Hannah Ritchie, Chatto and Windus (2024).

37 https://ourworldindata.org/climate-change-support
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to such issues. An interesting example is that Ecotricity are investing in
technology that can produce methane from grass (as opposed to extracting
fossil methane). This gives methane, the burning of which with existing boiler
technologies merely returns the carbon dioxide to the atmosphere that the
grass extracted, and this is therefore sustainable. They also engage with the
question of whether or not it would even be possible to change all domestic
heating to electricity in a meaningful timescale, in the absence of such an
approach.3® A new-build house with underfloor heating can be heated with a
heat pump very efficiently, and more cheaply than with a gas boiler.39
However, the Energy Saving Trust website40 is realistic in pointing out that at
the present time conversion of an existing heating installation from an
efficient modern boiler to an air-source heat pump will cost (very slightly)
more to run, quite aside from installation costs. There is a small carbon
saving in this, even given the increased cost, but | think this goes to show
that there is a need to work through the details of any proposal, and ideally
target the expenditure of resources where they have the greatest impact in

reducing carbon emissions.

These are specific issues, given as examples because people that have
thought about such things can be put off engaging with the climate evidence
by some of the more idealistic calls that “we must do something”. So we
need to be sophisticated in our approach. This is not about virtue-signalling,
but about practical engagement with the issues, rolling up our sleeves and
starting from where we are now, and learning how to tread more lightly on

our earthly home.

% https://www.ecotricity.co.uk/our-green-energy/green-gas

39 Heat Pumps for the Home, John Cantor, The Crowood Press (2020) provides a practical and insightful
discussion of how heat pumps work and how a domestic heating system can make use of them.

40 https://energysavingtrust.org.uk/ accessed 6th December 2024
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Often in this discussion one hears that there is no point in the UK doing
anything because some other large country is not. Yet in reality most
countries are now acting to reduce emissions and find a practical way
towards less-polluting living. China has pioneered electric cars and the
associated battery technologies in order to limit the pollution of the air in its
cities,4! so is deeply committed to this lower-carbon form of transport. It is
also installing massive amounts of solar and wind power, with a plan for its

carbon emissions to reach net zero in 2060.42

Collectively the world is responding to this issue, but there is significant
room for us to engage more actively. The carbon dioxide in the atmosphere is
still rising at over a billion tonnes per year, so there is plenty of scope for us
to act to reduce this rate. So yes, because we know that we have changed
the climate so far, we know that by modifying our behaviour we can slow

down the rate of rise of temperature in comparison with if we do nothing.

How Should We Respond?

Rosling43 says the following: “People who are serious about climate change
must keep two thoughts in their heads at once: they must continue to care
about the problem but not become victims of their own frustrated, alarmist
messages. They must look at the worst case scenarios but also remember the
uncertainty in the data. In heating up others, they must keep their own brains
cool so that they can make good decisions and take sensible actions, and not

put their credibility at risk.”

It is very challenging to walk this line. The more that one learns about the

reality of what is occurring, the harder it is to encounter views that seem to

41 Climate Capitalism, Akshat Rathi, John Murray Press (2023).
42 Stopping Climate Change, Paul Ekins, Routledge (2024).

43 Factfulness, Hans Rosling with Ola Rosling and Anna Rosling Ronnlund, Sceptre (2018).
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bear little resemblance to the clear evidence. Speaking as a newcomer to
this field, | find the quality of the science, the integrity of the people that |
have encountered, and the measured handling of data in the output of the
IPCC, to be truly impressive. If only people based their views on a close
appraisal of the original evidence together with the views of genuine experts,
we would be pulling together, plotting an optimal trajectory towards a more
sustainable way of living, with proper regard to the other issues affecting us,
such as poverty, energy security, and so forth. All the time that we are stuck
with detached discussions based on ideological opinions, rather than direct
measurements and sincere interpretation, we are wasting time. So this is not

an easy question to answer.

| believe that part of the solution is to be wise, considerate, and
persistent in our discussions with our fellows. We need to build community
through kind engagement with our neighbours, helping with practical
matters where we can, but also talking honestly and openly about the reality
of what is occurring, and some of the ways in which we can all contribute to
demonstrating a more sustainable way of living. There are schemes such as
Eco Church#4 that are being used as frameworks to allow people to more-
positively engage with the beauty of the world around us, allowing it to
nurture us, whilst we reduce our burden on it. We need to take people with
us rather than leave them behind. This is not about finger pointing to
someone else’s consumption, but about helping to lead by example. The
carbon-emission “splinter” in my brother’s eye will be obscured by the
“plank” in my own, unless | remove it first, and even then my lifestyle may be
intrinsically lower in carbon than someone else’s because of choices that
others have made in moving to far-flung parts of the world, for example. We

need to be lifelong learners, debunking nonsense of any “colour” (i.e. “green”

44 https://ecochurch.arocha.org.uk/
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or otherwise) and finding practical, kind ways forwards. We do need to
inform ourselves of the extensive work that exists on the path to “Real Zero”
as Paul Ekins calls it in his book referenced above. We also need to consider
the practical lifestyle changes that are discussed by authors such as Hannah
Ritchie, 45 and especially to learn from that approach of assessing the
importance of actions — it is relatively easy to use up a person’s available
engagement by persuading them to do something which is annoying and/or

inconsequential.

We must somehow act as quickly as possible, but not hastily. Just
because an action sounds “green”, it does not make it right to carry out now,
or indeed at all. We need to have considered and serious plans, to integrate
them with others as far as practicable, and we need to calmly and diligently
carry them out, hoping for the best, irrespective of how we might be

concerned about the worst.

Let’s accept the evidence, and “work the problem”.

Appendix — Reasonable Questions

Discussions of the recent warming are often punctuated by the raising of
very reasonable questions, such as how is the consideration of balancing
incoming and outgoing radiant heat affected by conducted heat from the
Earth’s crust, coming out of the ground? It is important to consider such
things, and in my experience of such questions, when looked into, they have
always turned out to have been explicitly considered in detail by experts,
quantified, and either ruled in to, or ruled out of, needing to be considered in

any given analysis. In this case it turns out that the heat from the Earth’s crust

45 Not the End of the World, Hannah Ritchie, referenced above.
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is negligible (being around 50 milliwatts per square metre46), in comparison
with the incoming#” heating from the sun (largely in the visible and ultra-
violet areas of the spectrum), and the outgoing cooling from the Earth (in the
infra-red part of the spectrum), both being approximately 239 watts per
square metre,48 on average. So the parts we consider here are over four
thousand times larger than the heat from the crust, and it is alright to ignore

the crust heating from our analysis.

Another area of questioning is in respect of the temperatures and carbon
dioxide levels inferred from analysis of the geological record, for the distant
past, with periods when the carbon dioxide levels were many times higher
than they are now, and the temperatures were several degrees higher.
Although the temperatures were higher, at first sight it might appear that
they are not as high as one might “feel” they should be on the basis of the
predictions for the present situation. So, it is sometimes argued that on the
basis of this geological evidence, we are overestimating the current effect,

but we are not.

The detail of how the greenhouse gas blocking increases with increasing
concentrations explains this,4® and is alluded to in that the amount of heating
is normally quoted as the expected temperature rise (that is, additive) for a
doubling (that is, multiplicative) of the carbon dioxide concentration.
Thinking in this way, in terms of the number of doublings between current

conditions and some point in the past, is needed when considering

46 Sustainable Energy — Without the Hot Air, David J.C. MacKay, UIT Cambridge Ltd (2009) and available
free online.

47 Subtracting the 30% that is reflected.

48 The figure of 239 W/m? is taken from the outgoing radiation shown in the upper part of Figure 7.2 in

6th IPCC report from Working group 1, available at https://www.ipcc.ch/report/ar6/wgl/

49 See The Physics of Climate Change, Lawrence M. Krauss, Head of Zeus Ltd (2021).
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geological evidence of climate change.5° For example, if looking at a time in
the geological record for which the level of carbon dioxide was 32 times
higher than it is now, with 32=2x2 x2 x 2 x 2, we see that this is 5 doublings
higher than now, and so based only on this factor we should expect the
temperature to be higher by around 5 times the predicted increment for
doubling of the carbon dioxide concentration. In my experience this
understanding can cut through misunderstanding of the differences between

the geological record and the present time.

One final thought, before finishing. Whilst 0.5kg of carbon per metre
square can be shown scientifically to be a significant amount, it can be hard

to visualise this, and perhaps the following may help.

If you take a pencil and scribble on a previously translucent piece of
paper you will see how little carbon is needed to obscure visible light — try it
and measure the thickness of the carbon and you will be able to work out
that it needs a lot less than 0.5kg per metre square. The graphite in the pencil
is just one form of carbon and absorbs in the visible part of the spectrum — if
it were carbon in the form of diamond of course it would not do so to
anything like the same extent. So we see that even for visible light absorption

the form in which the carbon exists matters.

In the atmosphere the carbon is mostly fully combined with oxygen,
and the absorption processes for this carbon dioxide are different from those
of graphite, and they operate in the infra-red. The fact that so little carbon
(graphite) is needed to absorb light in a case you can see, for me helps to
ground the slightly more theoretical approach that one needs to take to

understand the absorption of infra-red by carbon dioxide. Since 1850 or so

50 See Box TS.2 in the 6th IPCC Working Group 1 report at https://www.ipcc.ch/report/ar6/wgil/
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(e.g. Eunice Footed") people have reported measuring the absorption of infra-
red by carbon dioxide, and from a scientific perspective there seems no

reason for any serious doubt about this process.
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GF 15/2/25 52

51 Our Biggest Experiment, Alice Bell, referenced above.

52 Corrected placement of the month label in Fig. 3 and so formally reissued 3/7/25
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