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Global climate change is a major concern. It is based on the scientific community's statement that human activities
are the cause of a present and future global warming. But can we really define the average temperature of the
planet and, if so, measure it? Can we really achieve an accuracy of a few tenths of a degree when we give the
warming trends of the last century or when the international community set a target of limiting warming to only 2°C
or even 1.5°C? Here we address the question of methodologies for determining the average temperature at the
Earth's surface, the accuracy of current reconstructions, and the questions of the observation and causes of its
recent evolution.

1. Does the average global temperature make sense?

1.1. Link between energy balance and global temperature
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Figure 1. Average energy balance for the period 2000-2005 (in W/m2). The arrows represent the energy flows in proportion to their
intensities. The balance imbalance term of 0.6 W/m2 is consistent with observed changes in the ocean's energy content. [Source: Wild et al.

2015 [1]]

The climate system (atmosphere, ocean, ice sheets, vegetation, etc.) receives most of its energy from the Sun (Figure 1) [1]. This
energy received in the form of radiation corresponds roughly to the radiation of a black body with a temperature of about 5,800
K (Read Black Body Thermal Radiation), mainly in the visible range. As it passes through the atmosphere, some of this radiation
is reflected or scattered by clouds, airborne particles (aerosols) and atmospheric gases. Another part of this radiation is absorbed
by these gases and aerosols. Only part of the solar radiation reaches the surface, where it is also partly reflected. Therefore, only
about half of the solar radiation incident at the top of the atmosphere (340W/m?2) is absorbed at the Earth's surface (160W/m2).

This energy input for the oceans and continents is, at equilibrium, compensated by an equivalent energy loss. This loss takes
place either in the form of radiative energy, or in the form of heat transfers linked to conduction (known as sensible heat) or
linked to phase changes in the water (known as latent heat). These energy losses are all a function of the Earth's temperature, in
particular the radiation emitted by the surface, which is close to that of a 288 K black body and is therefore in the infrared range.

It is to tend towards this energy balance at the surface, but also at the top of the atmosphere, that the Earth's temperature is
changing. But even if this physical mechanism is well known, the notion of a global average of the Earth's temperature is not
easy to grasp.

1.2. Average temperature? A statistical indicator!

The temperature of a solid, liquid or gaseous medium is a physical quantity that reflects the agitation of the particles that make it
up in a given place. The sum of two temperatures therefore has no physical meaning. As a result, an average temperature over a
wide range over which it varies from one place to another has no direct physical interpretation. This is therefore the case for the
average temperature calculated over the entire surface of the Earth, covering both the warm tropical regions and the cold polar
regions. However, this average is a statistical indicator that proves very useful for assessing climate change on a global scale,
both in the past and in projection for the coming centuries. The global average temperature reflects changes in climate that can
be explained by identifiable underlying physical mechanisms.

1.3. Example 1: Impact of greenhouse gases on the Earth's average temperature

A first example is the average temperature difference that can be estimated by calculating the Earth's energy balance due to the
presence of naturally occurring greenhouse gases in the atmosphere. These gases have the property of absorbing the infrared
radiation emitted at the Earth's surface and then re-emitting some of it back to the surface, thereby further warming it (Figure 1).
These include water vapour, carbon dioxide (co2) and methane (CH4) to name the main ones. Their contribution to the average
global temperature is of the order of 33°C warming effect, bringing this temperature from about -18°C to +15°C.

It should be noted that this calculation only makes sense "all things being equal”, because if the Earth's temperature were to cool
by about 30 degrees, a change in the ice cover on its surface would result in additional cooling due to increased reflection of
solar radiation (ice-albedo feedback effect).

1.4. Example 2: Effect of the Earth's orbital parameters on its average temperature

Another example of a physical process resulting in a large deviation in the global mean temperature is primarily due to variations
in the eccentricity of the Earth's orbit. The Earth's orbit around the sun is an ellipse whose eccentricity, measuring the
deviation from its shape to that of a circle, varies between 0 (circular orbit) and 0.06 over the last million years with a main cycle
of about 100,000 years. As eccentricity increases, the average distance from the Earth to the sun increases and thus the solar
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radiative energy received by our planet decreases. The result is a 100,000-year climate cycle of alternating cold (glacial) and
warm (interglacial) periods over the last million years or so.

Understanding this 100,000-year cycle is still being researched because the direct effects of variations in the amount of energy
received by the Earth are small. Some studies [2] show that it is also necessary to take into account the effects of variations in
other astronomical parameters (obliquity, precession; see animation The drivers of natural climate evolution) and the physical
effects amplifying temperature differences between cold and hot periods :

The ice-albedo feedback effect already mentioned: the decrease in ice cover during warm periods reduces the reflectivity of
solar radiation (the albedo) at the Earth's surface, which contributes to increased warming by absorbing more radiative energy.

The greenhouse effect because warm periods are also periods during which greenhouse gas concentrations increase as a result of
physical processes and ecosystem changes.

The resulting global average temperature difference between the last cold period at its extreme (the last glacial maximum) about
21,000 years ago and the warm interglacial period we have known for about 10,000 years is thus likely between 3°C and 8°C

[31.

Animation "The drivers of climate change" (Credit: Museum de Toulouse, Mercator Océan)

1.5. In summary

The global average temperature must therefore be seen as a statistical indicator of the evolution of the climate on the Earth's
surface. The two previous examples show to what extent this indicator can be sensitive to the physical and biological processes
involved in the climatic balances of our planet, particularly those that have an effect on its energy balance.

Moreover, the second example, which corresponds to an observed change in the Earth's climate, shows that a deviation of a few
degrees in this indicator corresponds to very significant variations in climate. The few degrees less at the last glacial maximum

correspond to much more extensive ice cover in the northern hemisphere (e.g. covering the northern part of the British Isles) and
a sea level that is about 130 metres lower.

2. Reconstruction of global mean temperature from instrumental
data

2.1. Observing the Earth's surface
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Figure 2. Stevenson shelter containing in particular a thermometer for measuring air temperature. The shelter is designed to protect the
thermometer from solar radiation, thermal radiation from the ground and the sky, and possible precipitation. (See "Ground Weather
Observations: What are we measuring and what do we do with them?") [Source: Public Domain |

Assessing the average global temperature is a challenge. The accuracy of this estimate depends on the coverage of the Earth's
surface observation means, as temperature variations from one region to another can be significant. The study of the temporal
evolution of the mean temperature also requires uninterrupted and homogeneous series of measurements, i.e. corrected for
measurement disturbances linked in particular to changes in sensors or changes in the measurement environment.

If a few series of marine [4] and terrestrial [5] instrumental observations started in the 17th century, it was not until 1856 that the
first meteorological observation network managed by Emmanuel Liais at Paris Observatory under the direction of the French
astronomer Urbain Le Verrier [6] appeared. The reconstructions of the mean global temperature based on thermometric
measurements thus date back to 1850 at the earliest.

Indirect reconstructions based on temperature estimates using natural archives (ice cores, sediment cores, tree rings, corals,...)
and statistical models were also carried out by research teams. But, even if they cover much longer periods of time, they do not
reach the accuracy or near-planetary coverage of the instrumental reconstructions to which we limit ourselves here.

2.2. The source data

Three main teams are behind the reconstruction of the global average temperature beginning in the second half of the 19th
century. These are the American teams from the NASA Goddard Institute for Space Science 7], the National Oceanic and
Atmospheric Administration (NOAA) [8] and the associated British teams from the Hadley Centre of the UK Met-Office and the
Climate Research Unit of the University of East Anglia [9].

The source data are in part common to these three main reconstructions and are largely accessible:

For continental regions, these are the Global Historical Climatology Network [10] (GHCN) data from observations of sheltered
air temperatures (Figure 2) from about 25,000 stations used in the NASA and NOAA reconstructions for the most recent
version (GHCNv4).

For marine regions, this is the International Comprehensive Ocean-Atmosphere Data Set [4] (ICOADS).
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Figure 3. A 3-metre diameter moored weather buoy used by the U.S. Weather Agency. In particular, it is equipped with a thermometer for
measuring sea surface temperature. [Source: Public domain]

But while the American reconstructions use mainly GHCN data on the continent, the British reconstruction uses only part of it
supplemented by data obtained directly from national meteorological services or other international climate databases [11]. On
the other hand, the three reconstructions are essentially based on I[COADS marine data.

The continental temperature data used are measured in the air near the surface, now at a height of between 1.25m and 2m (1.5m
in France) according to the recommendations of the World Meteorological Organization (See "Ground-based weather
observations: what is measured and what is done with it?"). However, air temperature measurements measured on boats or buoys
are less accurate than water temperature measurements due in particular to contamination of the sensors by salt and the difficulty
of assessing the height of the measurement above the ocean surface in the case of boats. The authors of reconstructions have
therefore chosen to evaluate the sea surface temperature not in the air but in the water (Figure 3). This choice has no impact
on the study of the evolution of the global mean temperature as long as the calculation methods remain identical for the entire
period of each reconstruction. However, it must of course be taken into account when estimating uncertainties (see 2.4).

Reconstructions of global mean temperatures depend on the collection and saving of data from old observations currently
archived on documentary supports. The spatial and temporal coverage of the data can therefore be expected to improve in the
future, especially for the most remote periods, as archived data such as those collected in the framework of the international
I-DARE project are reprocessed [12].

2.3. Methods for calculating averages

Data are spatially dispersed and some regions remain poorly covered during the early stages of reconstruction. Conversely, some
observations may be concentrated on certain regions, such as the European continent and the North Atlantic. It is therefore
necessary to apply averaging procedures that take account of this spatial heterogeneity. The calculation procedures, which differ
from one reconstruction to another, are precisely documented in scientific literature publications and we give only a very brief
overview here.

For the British reconstruction, the available observations are averaged over a 5° latitude by 5° longitude grid, without any
interpolation, before calculating a weighting average by the corresponding areas to obtain the global average [9]. For NASA, on
the continent, the main intermediate step also consists of averaging on a terrestrial grid (of 8000 grids of equal areas), but
weighted by the distance to the centre of each grid within a radius of 1200 km [7]. NOAA's continental reconstruction is more
sophisticated in that it involves interpolating (and extrapolating) the data using statistical functions that take into account the
spatial correlations between observations (Empirical Orthogonal Teleconnection Functions or EOTs). The range of influence of
these functions is limited to 2000 km in latitude and 4000 km in longitude around the centre of each grid [8]. It is also these
statistical functions that are used in the American reconstructions to interpolate and extrapolate sea surface temperature data on a
grid of 2° in latitude by 2° in longitude. In this case, the spatial domain of influence of the EOTs is limited to 3000 km and 5000
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km respectively in latitude and longitude around the centre of each grid cell [13].

Finally, the data are calculated as deviations, or anomalies, from a climatic average (climatology) over a 30-year period, again a
duration recommended by the World Meteorological Organization. The choice of reference periods is not the same for the three
reconstructions (1961-1990 for the British and NOAA reconstructions; 1951-1980 for the NASA reconstruction), but this has no
impact since we are only interested in the temporal evolution of temperature and not in its absolute value, which is difficult to
interpret. One advantage of this is that it allows to overcome the differences in altitude of the stations taken into account for the
calculation of the average in a given grid cell.

The reconstructions are available on grids covering the planet (5° by 5° for NOAA [14] and the British reconstruction [15],
2° by 2° for the NASA reconstruction [16]) and make it possible not only to calculate global averages but also to draw up maps
of temperature trends over different regions. They are available in monthly and annual steps from 1850 for the British
reconstruction and from 1880 for NASA and NOAA.

2.4. Estimation and error correction

I
-06 -04 -02 O 02 04 06 08 10 125 15 175 25

Figure 4. Map of the evolution of surface temperatures observed between 1901 and 2012. Trends have been calculated only for regions
where data availability allows a robust estimate. The other regions are blank and illustrate the incomplete coverage over this period. Grids
for which the trend is significant at the 10% level are indicated by the + sign. [Source: IPCC 2013 [3]]

Scientific articles and successive reports by the IPCC (Intergovernmental Panel on Climate Change) analyse the sources of error
in reconstructions of global average temperature and, where possible, the methods used to correct them. Let us limit ourselves
here to commenting on the main causes of errors, which are detailed in the focus "Error Calculation". Some are related to
sampling (number of observations per calculation grid cell) and incomplete coverage (absence of observations in some grid
cells; Figure 4). The effects of urbanization around terrestrial observation stations result in an artificial warming trend that
needs to be taken into account. Breaks in the homogeneity of the data series due to changes in the location of observation
stations, instruments, weather shelters, or any other change that may affect the measurement, are also taken into account in the
corrections of the reconstructions and in the associated error estimates. Marine data shall also be subject to corrections for bias
due to changes in the means of observation used.

Globally, the uncertainty in the annual mean global temperature is calculated by combining all the errors or uncertainties that can
be estimated, whether over the ocean or over the continent. Various estimates of the mean temperature are finally obtained, from
reconstructions proposed by NASA [8], NOAA [9] and the British teams [10]. The estimates are very close from one
reconstruction to another despite the different methodologies used. The main difference between the NOAA reconstruction and
the other two is due to sampling and spatial coverage errors, with a priori a better consideration of Arctic data from the middle
of the 20th century, which results in a decrease in uncertainty.

3. How and why has the average global temperature changed over the
last two centuries?

3.1. Detecting trends

Figure 5, taken from an annual report of the World Meteorological Organization [17], shows the evolution of global mean
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temperature between 1850 and 2019 according to the three reconstructions introduced in section 2. The temperature values are
calculated by removing for each reconstruction its average over the period 1981-2010 and are then represented in relation to a
so-called "pre-industrial” reference (the HadCRUT4 average over the period 1850-1900 [9]). Two other estimates of the global
mean temperature from re-analyses of data (here from the Japan Meteorological Agency [18] for JRA-55 and the European
Centre for Medium-Range Weather Forecasting [19] for ERAS) are also shown in the Figure following the same procedure (see
focus on "Surface temperature estimation by re-analyses")
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Figure 5. Evolution of global average temperature between 1850 and 2019 compared to the average over the period 1850-1900 following
2 re-analyses (JRA-55 and ERAS) and 3 reconstructions (HadCRUT, GISTEMP & GlobalTemp). Source: WMO statement on the state of
the global climate in 2019 (2020) WMO Pub No.1248. 17]]

Figure 5 shows the very good agreement between the temperature changes resulting from the three reconstructions and the two
re-analyses. The differences are perfectly compatible with the total uncertainties of each reconstruction. In particular, Huang et
al [8] show that the British and NOAA reconstructions fall within the confidence interval of the NASA reconstruction each year
(their Figure 13). The main differences arise firstly from the treatment of corrections for biases in ocean measurements during
the period 1920-1960 [7], [9] (section 2.3). They also stem from the differences in spatial coverage of observed data and the way
of treating poorly covered areas. In particular, the NASA and NOAA reconstructions take better account of Arctic data than the
British reconstruction [7]. This has the effect of better reproducing the warming in these regions that has increased over the last
few decades and which results in a slightly faster increase in global average temperature than is also observed in the re-analyses.

Figure 5 also highlights the superposition of different time scales of variability. The temperature trends calculated over the
longest common period from the three reconstructions are very close to each other and clearly indicate a warming that is much
greater than the uncertainties in each reconstruction. The latest [IPCC Assessment Report [3] includes estimates of these trends
and their calculated uncertainties up to the year 2012. According to this report, the global average surface temperature increased
by nearly 0.9°C between 1880 and 2012 (with a 90% probability that the warming will be between 0.65 and 1.06°C). To get a
good measure of this warming, it is sufficient to relate it to the 3-8°C warming between the last ice maximum (about 21,000
years ago) and the current period (see section 1). This warming trend has continued since this IPCC report, since between 1880
and 2018 the estimated trends are 0.96°C for NASA and NOAA (between 0.81°C and 1.11°C with a 95% probability according
to [7]).

3.2. What is the observed warming due to?
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Figure 6. Assessment of contributions to the surface mean temperature trend over the period 1951-2010 due to dif ferent factors. The
trend observation from HadCRUT4 is shown in black. Values are expressed in °C over the period. GHG refers to anthropogenic
greenhouse gases, ANT to total anthropogenic forcings, OA to anthropogenic forcings other than GHG and NAT to natural forcings (solar
and volcanic). [Source: IPCC 2013 [3]]

The question of attributing all or part of this warming to greenhouse gas emissions emitted by human activities has been raised
since the first IPCC report published in 1990. However, despite the observation of warming and the increase in atmospheric
concentrations, particularly of carbon dioxide, already analysed at that time, no proof of a link had been provided and the report
did not give any conclusion on attribution. Following the multiplication of studies providing evidence obtained by simulating the
climate of the last century by varying the factors likely to influence temperature - natural with solar variability, volcanism and
variability within the climate system or anthropogenic with greenhouse gas emissions and the production of airborne particles
(aerosols) - successive IPCC reports have been increasingly assertive in attributing warming. The latest report [3] now concludes
that it is extremely likely that human influence has been the main cause of the warming observed since the mid-20th
century.

Figure 6 reproduces estimates of the contributions of different factors to the temperature trend over the period 1951-2010 and
compares them with the observed trend. It highlights the small contribution of natural factors to the observed warming while the
anthropogenic contribution is close to the observed one. On the other hand, the respective contributions of greenhouse gases
("GHG") and aerosol particles ("OA") are difficult to estimate precisely, as illustrated by the error "bars" surrounding these
estimates.

3.3. How can temperature variability up to the multi-decadal scale be explained?

W El Nino
06 [ Neutral
B La Nina

Anomaly relative to 1981-2010 (° C)

1950 1960 1970 1980 1990 2000 2010
Year

Figure 7. Evolution of global average temperature between 1950 and 2017 compared to the average over the period 1981-2010 following
the average of the 3 reconstructions and 2 re-analyses in Figure 5. El Nifio years are marked in purple, La Nifia years in blue using a
criterion defined by NOAA. Source: WMO 2018 [21]]
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The anthropogenic effect is thus clearly demonstrated on a time scale of about 60 years. However, warming is not regular over
this period and it is much more difficult to assess the anthropogenic contribution over a much shorter period. This can be
explained by the presence of variability on a multi-decadal scale (over several decades) as shown in Figure 5 but also in Figure
7 which zooms in on the period 1950-2017 by combining the three reconstructions and the two re-analyses (with versions dating
from 2018).

A first singular period is the one that extends from the S0s to the 70s. It is characterized by a relative stability of the average
temperature despite the increase in greenhouse gas concentrations in the atmosphere. Distinguishing this anthropogenic
contribution from the effect of other factors remains a challenge for such a short period of time. It should be noted, however,
that several studies have shown a potential role of another anthropogenic effect, namely the increase in the concentrations of
aerosol particles in the atmosphere, which may induce an otherwise observed reduction in solar radiation measured at the
planet's surface (global dimming). The rapid increase in temperature from the late 1970s onwards would then be explained in part
by the effects of measures taken to limit emissions of sulphates and carbonaceous particles in industrialized countries which are
also concomitant with an increase in solar radiation at the surface (global brightening) [20] [3].

Another example of multi-decadal variability leading to an attenuation of the warming trend concerns the period 1998-2012.
Over this period, the temperature increase was only 0.06°C according to the HadCRUT4 reconstruction [3]. This is a period in
which the increase in sea level and the increase in ocean heat content did not show a weakening. The origin of this slowdown in
surface warming has been the subject of numerous publications in recent years and its precise interpretation remains a subject of
scientific debate (see focus on "A look back at the "slowdown" in warming between 1998 and 2013").

Finally, Figure 7 also shows temperature variability on an interannual scale that is also superimposed on long-term trends [21].
Although it is also not possible to assess the relative effect of all factors on the temperature of a particular year, an important
natural factor can be identified at this scale. This is the occurrence of warm (El Niiio) or cold (La Nifia) events in the tropical
Pacific Ocean. These episodes, which result from interactions between the ocean and the atmosphere, modify ocean surface
temperatures over a period of several months and have a visible and similarly marked effect on global mean temperature as
shown in Figure 7.

4. Messages to remember

The average temperature of the Earth's surface is changing in order to achieve a balance between the energy it receives and the
energy it loses.

Global average temperature is a statistical indicator that is particularly useful for assessing global climate change.

From 1850 onwards, it can be estimated from monthly and annual step reconstructions using instrumental data from observations
of air temperature on the surface of continents and water temperature at the ocean surface.

Increasingly complex uncertainty models make it possible to account for the various sources of error in its estimation.

According to the IPCC, the global average temperature has warmed by 0.9°C over the period 1880-2012, a warming far greater
than the uncertainties in the estimates.

It is extremely likely that human influence has been the main cause of the warming observed since the mid-20th century.

However, it is not yet possible to quantify precisely the relative weight of the different contributions of natural or anthropogenic
factors to the evolution of mean temperature on shorter time scales.
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