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IPCC - AR6 report from WG1 
The physical science basis

Summary for Policy Makers, 42 pages

https://www.ipcc.ch/report/ar6/wg1/#SPM

IPCC (GIEC): Intergovernmental Panel on Climate Change 


AR6: Assessment Report 6, 2015-2023 (AR5 published in 2014) 


WGs:       WG1-The Physical Science Basis (7/08/2021)

    WG2- Impacts, Adaptation and Vulnerability (for 2022)


          WG3- Mitigation of Climate Change (for 2022)
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Received 78,000 comments 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A.2 The scale of recent changes is unprecedented over 100-1000 years

A.3 It already affects weather & climate extremes everywhere 

A.4 Improve knowledge on processes makes us understand better radiative forcing
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D. Limiting Future Climate Change 
D.1 Strong, rapid and sustained reduction of GHG is needed + we need to reach net-zero CO2

D.2 Whatever the scenario, within 20-years, temperature trends will be above natural variability

C. Climate Information for Risk Assessment and Regional Adaptation 
C.1 Modulation by natural drivers & internal variability can affect significantly, amplify or attenuate 

C.2 Higher warming means wider spread in Climate Impact Drivers changes

C.3 Tipping point cannot be ruled out !
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The ecological impact of high-performance 
computing in astrophysics
Computer use in astronomy continues to increase, and so also its impact on the environment. To minimize the 
e!ects, astronomers should avoid interpreted scripting languages such as Python, and favour the optimal use of 
energy-e"cient workstations.

Simon Portegies Zwart

The third pillar of science, simulation 
and modelling, already had a 
solid foothold in fourth-century 

astronomy1, but this discipline flourished 
with the introduction of digital computers. 
One of its challenges is the carbon emission 
resulting from this increased popularity. 
Generally unrecognized, the magnitude 
of the carbon footprint of computing in 
astrophysics should be emphasized. One 
purpose of this Comment is to raise this 
awareness, and present best practices 
for (super)computer usage and choice of 
programming language.

Carbon footprint of computing
In Fig. 1, we compare the average human 
production of CO2 (red lines) with 
astronomical activities, such as telescope 
operation, the emission of an average 
astronomer2 and finishing a (four year) 
PhD3 (green points). While large observing 
facilities are cutting down on carbon 
footprint by offering remote operation, the 
increased speed of computing resources can 
hardly be compensated by their increased 
efficiency. This also is demonstrated in  
Fig. 1, where we compare measurements 
for several popular astronomical computing 
activities (turquoise points). These 
measurements are generated using the 
Astrophysical Multipurpose Software 
Environment4, in which most of the work is 
done in optimized and compiled code. We 
include simulations of the Sun’s evolution 
from birth to the asymptotic giant branch 
using a Henyey solver5 and parametrized 
population synthesis6.

We also present in Fig. 1 timings for 
simulating the evolution of a self-gravitating 
system of a million equal-mass 
point-particles in a virialized Plummer 
sphere for 10 dynamical timescales (labelled 
‘N-body’). These calculations are performed 
by direct integration (with the fourth-order 
Hermite algorithm) and using a hierarchical 
tree-code (with leapfrog algorithm). Both 
calculations are performed on a CPU as well 

as with a graphics processing unit (GPU). 
Not surprisingly, the tree-code running a 
single GPU (second turquoise point from 

the left) is about a million times faster than 
the direct-force calculations on a CPU 
(right-most turquoise point); one factor 
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Fig. 1 | Carbon production of a number of common activities among astronomers. CO2 production 
as a function of the time to solution for a variety of popular computational techniques employed in 
astrophysics (turquoise data points), and other activities common among astronomers2,3 (green data 
points). The solid red curve gives the individual world-average production in 2017, whereas the dotted 
red curve give the maximum per-capita country average. The Laser Interferometer Gravitational-Wave 
Observatory (LIGO) carbon production is taken over its first 106-day run (using ~180 kW)17, and for the 
Atacama Large Millimeter/submillimeter Array (ALMA) a 1-year average18. A Falcon 9 launch lasts about 
32 minutes during which ~110,000 litres of highly refined kerosene is burned. The tree-code running on 
a GPU was performed using N = 220 particles. The direct N-body code on a CPU (right-most turquoise 
data point) was run with N = 213 particles15, and the other codes with N = 216 particles. All performance 
results were scaled to N = 220 particles. The calculations were performed for 10 N-body time units19. The 
energy consumption was computed using the scaling relations of ref. 20 and converted from KWh to CO2 
using 0.283 kWh kg–1. The turquoise dotted curve shows the estimated carbon emission when these 
calculations would have been implemented in Python running on a single core. The burgundy curve 
shows how the performance and carbon production changes while increasing the number of compute 
cores from 1 to 106 (out of a total of 7,299,072 of the world’s fastest computer, left-most point) using the 
performance model of ref. 21. Figure created with Matplotlib22.
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Climate change is widely regarded as the biggest ongoing issue 
facing the planet’s inhabitants right now. So much so that 
over 11,000 scientists from 153 countries recently signed a 

paper warning of a global climate emergency1. Humanity’s continu-
ing emission of greenhouse gases—driven predominantly by the 
burning of fossil fuels as a source of energy2—has already led to 
a rise in the mean global surface temperature of ∼1 °C relative to 
pre-industrial levels3. For global heating to be limited to 1.5–2 °C 
as per the Paris Agreement requires a decrease to effectively zero 
anthropogenic emissions in the next few decades4–7. Even then, it is 
expected that there will be long-lasting (timescales of ≳103–105 yr)  
or potentially permanent changes to the environment8–10, which will 
have (and are already having) widespread, substantial impacts on 
many forms of life. This has been discussed in the literature and 
media for decades, with a complete technical elaboration provided 
as part of the Fifth Assessment Report from The United Nations’ 
Intergovernmental Panel on Climate Change11.

As is the case for most (if not all) professions, there are many 
aspects to being an astronomer that currently result in the emission 
of greenhouse gases and, therefore, a direct contribution to climate 
change. Broadly, these include direct emissions from flights, and 
indirect emissions from the electricity required to power supercom-
puters, observatories and other facilities, in addition to emissions 
associated with their construction. We are no less responsible for 
ensuring we reduce our emissions from these activities than anyone 
else in the world is for reducing their own sources of emissions.

To address methods for emissions reduction demands that one 
understands not only where their own sources of emissions come 
from, but also what their relative quantitative significance is. Part 
of the purpose of this Perspective is to provide astronomers with a 
base level of quantitative information on their sources of emissions. 
More than this though, it is imperative that acknowledgement of 

this leads to action that will result in a decrease in the community’s 
emissions. For to be aware of a problem but choose not to act is 
practically no different than to deny the problem’s existence, espe-
cially when one is demonstrably contributing to said problem12,13. 
We all have an ethical obligation here that must not be ignored.

Climate change action is particularly important for Australia- 
based astronomers (and Australians in general), as Australia’s record 
of greenhouse gas emissions is particularly poor in the global con-
text. Australia’s total emissions (excluding international flights and 
shipping) for the year ending March 2019 were 538.9 million equiv-
alent tonnes of CO2 (MtCO2e) (ref. 14). With a population of 25.287 
million people at the end of the March 2019 quarter according to 
the Australian Bureau of Statistics—of which 18.7% are dependants 
under the age of 15—the country’s emissions rate equates to 26.2 
tCO2e yr–1 per non-dependant. This is in stark contrast to the 2018 
global average of 7.3 ± 0.7 tCO2e yr–1 per non-dependant (based 
on total emissions from the Global Carbon Budget 20192 and the 
global population from Worldometer, taking half the range of the 
2017 and 2019 values as the uncertainty on the latter) and makes 
Australia one of the highest-emitting countries per person in the 
world. Countries that have comparable per-capita emission rates to 
Australia include the United States and Canada15. Perhaps it is no 
coincidence then that members of the astronomical communities 
from these countries have written white papers on this same topic, 
which include several practical, sensible suggestions for mitigation 
strategies16,17. This is clearly an issue that astronomers worldwide 
are cognisant of; the Canadian paper16 was one of the five most 
widely discussed papers for its month of release, with members 
from 43 astronomy institutes up-voting it on the Voxcharta website. 
In Australia, an open letter has been written to the federal govern-
ment, highlighting the urgent need to reduce greenhouse gas emis-
sions, which has been signed by over 80 Laureate Fellows—the most 

The imperative to reduce carbon emissions in 
astronomy
Adam R. H. Stevens! !1,2�ᅒ, Sabine Bellstedt! !1, Pascal J. Elahi1,2,4 and Michael T. Murphy! !3

For astronomers to make a significant contribution to the reduction of climate change-inducing greenhouse gas emissions, we 
first must quantify the sources of our emissions and review the most effective approaches for reducing them. Here we estimate 
that Australian astronomers’ total greenhouse gas emissions from their regular work activities are ≳25 ktCO2e yr–1 (equivalent 
kilotonnes of carbon dioxide per year). This can be broken into ~15 ktCO2e yr–1 from supercomputer usage, ~4.2 ktCO2e yr–1 from 
flights (where individuals’ flight emissions correlate with seniority), >3.3 ktCO2e yr–1 from the operation of observatories, and 
2.6 ± 0.4 ktCO2e yr–1 from powering office buildings. Split across faculty scientists, postdoctoral researchers and PhD students, 
this averages to ≳37 tCO2e yr–1 per astronomer, more than 40% greater than the average Australian non-dependant’s emissions 
in total, and equivalent to around five times the global average. To combat these environmentally unsustainable practices, we 
suggest that astronomers should strongly preference the use of supercomputers, observatories and office spaces that are pre-
dominantly powered by renewable energy sources. Where current facilities do not meet this requirement, their funders should 
be lobbied to invest in renewables, such as solar or wind farms. Air travel should also be reduced wherever possible, replaced 
primarily by video conferencing, which should also promote inclusivity.
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An astronomical institute’s perspective on 
meeting the challenges of the climate crisis
Analysing greenhouse gas emissions of an astronomical institute is a first step to reducing its environmental 
impact. Here, we break down the emissions of the Max Planck Institute for Astronomy in Heidelberg and propose 
measures for reductions.

Knud Jahnke, Christian Fendt, Morgan Fouesneau, Iskren Georgiev, Tom Herbst, Melanie Kaasinen,  
Diana Kossakowski, Jan Rybizki, Martin Schlecker, Gregor Seidel, Thomas Henning, Laura Kreidberg and  
Hans-Walter Rix

Humanity’s production of greenhouse 
gas (GHG) emissions is threatening 
our habitat, our physical and mental 

health, and the chances of long-term 
survival of human society as we know it1,2. 
The GHGs emitted as we burn fossil fuels 
for energy have already resulted in a mean 
surface temperature rise of more than 1 °C 
since the late nineteenth century3. To further 
limit the temperature rise to less than 1.5 °C 
(as per the Paris Agreement4) requires all 
sections of human society to reduce their 
GHG emissions to net zero by 2050. The 
scientific profession is not exempt. It is our 
responsibility to analyse the origin of our 
work-related emissions, to identify solutions 
for reducing emissions, and to determine 
the responsibility on a personal, institute-, 
community- and society-wide level for 
implementing the necessary changes.

As astronomers of the Max Planck 
Institute for Astronomy (MPIA) in 
Heidelberg, Germany, we have assessed our 
work-related GHG emissions. The MPIA 
is a well-funded, international astronomy 
research institute with ~150 researchers 
and ~320 employees in total. A wide range 
of research is conducted at the institute, 
including the development of astronomical 
instrumentation, analysis of observational 
data, and theoretical modelling of 
astrophysical phenomena with computing 
facilities. The institute is scientifically 
well connected both within Europe and 
internationally, which, in combination with 
the broad range of research departments, 
makes it a good test case for the analysis of 
research-associated GHG emissions. This 
report can therefore serve as a template for 
other institutes. Our analysis provides a 
complementary, European perspective to 
the analysis on the Australian astronomical 
community5, the Canada–France–
Hawaii Telescope6, the annual European 
Astronomical Society conferences7 and an 
earlier analysis of US astronomy8.

MPIA GHG emissions
We assessed the MPIA’s GHG emissions 
in seven categories: business flights, 
commuting, electricity, heating, computer 
purchases, paper use, and cafeteria meat 
consumption. These categories were selected 
either because they were likely to have a 
large contribution or because we had no 
prior gauge of their significance. For this 
first assessment, we omitted other purchases, 
including materials and components for 
instrumentation, additional office supplies, 
and IT hardware other than desktop and 
laptop computers.

The GHG emissions associated with 
some categories were easily determined, 
for example from electricity and heating oil 
bills, computer expenses, paper purchases 
and recycling amounts. However, other 
categories proved less straightforward. 
Assessing the emission from flights required 
both a manual transcription of invoices 
and a questionnaire to all employees about 
self-booked business trips, as there was no 
automated and accessible list of itineraries, 
carriers or classes. Nevertheless, all the 
numbers quoted here (see Table 1) capture 
the MPIA’s 2018 emissions quite well. We 
estimate the major contributors to our GHG 
emissions, that is, flying and electricity, to be 
accurate to within 20%.

Table 1 summarizes the emission sources 
and the associated quantities. We have 
converted the units for each source into 
tons of CO2-equivalent emissions (tCO2e). 
The term ‘equivalent’ indicates that these 
values are normalized to the GHG impact 
of CO2. In particular, the numbers in this 
table account for flight emissions at altitude 
(for example, soot, sulfates, nitrogen oxides, 
and cirrus clouds from contrails), as well as 
methane emissions from meat farming.

The MPIA’s total GHG emissions for 
2018 amount to 18.1 tCO2e per researcher. 
Alternatively, the contribution per refereed 
science publication, of which there were 

583 either authored or coauthored by MPIA 
astronomers in 2018, is 4.6 tCO2e. However, 
regardless of the chosen denominator, these 
metrics have caveats in attribution. For 
example a substantial part of the institute’s 
emissions results from instrumentation 
projects that will lead to future publications, 
but at the same time, we do not account 
for the emissions associated with the 
construction of observing facilities used in 
the 2018 papers; in addition, simulations can 
take months to years.

The MPIA’s astronomy-related GHG 
emissions per researcher in 2018 were 
alarmingly around three times higher than 
the German target for 2030 (which is in line 
with the Paris Agreement; see Fig. 1)9–11. 
Moreover, the per-researcher emissions 
are ~60% higher than those of the average 
German resident, whose annual 2018 
GHG emissions (by consumption) were 
11.6 tCO2e (refs. 9,12,13; GHG emissions by 
consumption per adult resident were 14.0 
tCO2e (ref. 12)). Of course, these numbers 
just compare the work-related contributions 
of MPIA researchers to the Paris target 
and German averages, neglecting the 
additional emissions associated with 
non-research-related ‘private’ emissions by 
MPIA researchers, such as, for example, 
housing, clothing, private mobility, or food.

Few comparisons exist in the 
astronomical context. We therefore 
compare the MPIA’s emissions to the recent 
assessment by the Australian astronomical 
community5. The MPIA’s per-astronomer 
emissions are approximately half that of 
an Australian astronomer, which amount 
to 42 tCO2e per capita (see Fig. 1). Note 
that we calculated flight emissions using 
the model by atmosfair14, which estimates 
approximately double the emissions of the 
Qantas calculator15 used for the original 
Australian assessment5. Adjusting the 
reported Australian number by this factor, 
the MPIA’s flight emissions are similar or 
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Measuring carbon emissions at the Canada–
France–Hawaii Telescope
Measuring the carbon emissions of the CFHT in 2019 reveals that the per employee emissions are 16.5 tCO2e, six 
times above the recommendation of the Paris Agreement, with ~63% due to the electricity consumption of the 
summit facility and ~25% to out-of-state air travel. Concerted e!orts are underway to reduce this figure.

Nicolas Flagey, Kahea Thronas, Andreea Petric, Kanoa Withington and M. Johannes Seidel

Astronomers may not be the main 
contributors to climate change 
or the first to be affected by 

its consequences: we are not directly 
burning fossil fuels, and global warming 
and its associated catastrophes have not 
substantially impacted observations at 
ground-based telescopes yet. However, 
the way of life in the world of astronomy 
is emblematic of the negative impact of 
humankind on the climate. We travel to 
attend meetings all over the world or to 
execute telescope observations in visitor 
mode. Our observatories on the ground 
require a tremendous amount of power to 
operate. While we look for other habitable 
planets in the Universe, we should not 
forget that Earth is the only one proven so 
far to harbour life, and thus the only one we 
should be invested in keeping habitable.

Astronomers are eager to think about the 
best way to address problems. In the context 
of reducing climate change, we first need to 
understand what our impact is. To do so, we 
need to assess our contribution, in terms of 
greenhouse gas (GHG) emission, to global 
warming. Ideally, all aspects of our work 
should be accounted for by using publicly 
available information and tools to properly 
estimate the amount of GHG emitted in 
association with our activities. In this article, 
we detail the carbon emissions, in tons of 
CO2 equivalent (tCO2e), measured for the 
year 2019 at the Canada–France–Hawaii 
Telescope (CFHT) following the method 
suggested by CarbonBuddy. CarbonBuddy is 
a Hawai‘i-based company whose mission is 
to empower people to tackle climate change 
and inequality. It provides web-based tools 
and services to measure carbon footprints 
and to take climate actions in the form 
of offsetting and the implementation of 
energy-efficiency measures. The CFHT 
is a 40-year-old telescope on Maunakea, 
operated remotely from Waimea, on the 
Big Island of Hawai‘i, by a staff of about 45. 
As with most ground-based observatories, 
CFHT and other Maunakea observatories 

are located away from population centres, 
but their isolated location in the middle 
of the Pacific Ocean means that travel and 
electricity are even more expensive and may 
have a greater impact on GHG emissions 
than for other facilities. However, because 
CFHT operates in queue-service mode, 
the amount of travel from non-staff to 
Hawai‘i on behalf of CFHT may be reduced 
relative to an observatory in visitor mode. 
Observatories are quite different from 
one another in terms of operations and 
number of employees, but we think that the 
analysis presented in this paper can help 
others in our community and beyond better 
understand their impact on the climate 
crisis, and from there, how to address the 

global crisis effectively. We invite readers to 
consult other similar analyses published in 
this issue for the Australian astronomical 
community1, the Max Planck Institute for 
Astronomy in Heidelberg2, or the European 
Astronomical Society meetings3.

Since the types of electricity sources 
vary from island to island, we made our 
emission calculations specific to the Big 
Island. We then compiled all air travel made 
on behalf of CFHT between 1 January 
and 31 December 2019 using the paper 
expense reports filed after each trip. Each 
trip is assigned to a region (for example, 
Europe, US East Coast, and so on) that is 
represented by a typical flight (for example, 
Honolulu–Denver–Frankfurt for Europe) 

Out of state

Inter-island

Vehicle fleet

Summit

HQ
main

HQ
shop

House
Diesel

Energy Air travel Vehicles

Gasoline
Propane

Fig. 1 | Visual breakdown of the carbon emissions at CFHT in 2019. The area covered by each block 
represents its contribution to the total (749 tCO2e). Energy-related emissions are in blue, air-travel 
emissions are in orange, vehicle-fleet emissions are in grey.
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The impact of climate change on astronomical 
observations
Climate change is a!ecting and will increasingly a!ect astronomical observations, particularly in terms of dome 
seeing, surface layer turbulence, atmospheric water vapour content and the wind-driven halo e!ect in exoplanet 
direct imaging.

Faustine Cantalloube, Julien Milli, Christoph Böhm, Susanne Crewell, Julio Navarrete, Kira Rehfeld, 
Marc Sarazin and Anna Sommani

Astronomers are entering an era in 
which they will change the way 
they work, with the arrival of the 

30–40 m class ground-based telescopes and 
large international observational projects 
sparking new ways of communicating and 
collaborating. These scientific challenges 
come together with societal ones, such as 
the role astronomers play in communicating 
and undertaking actions to significantly 
reduce the environmental footprint of 
astronomical research. More generally, 
it is urgent that astronomers, through 
their unique perspective on the Universe, 
communicate about and act on climate 
change consequences at any level. In this 
context, we have investigated the role 
some key weather parameters play in the 
quality of astronomical observations and 
analysed their long-term (longer than 30 
years) trends in order to grasp the impact 
of climate change on future observations. 
In what follows we give four examples 
of how climate change already affects or 
could potentially affect the operations of an 
astronomical observatory. This preliminary 
study is conducted with data from the Very 
Large Telescope (VLT), operated by the 
European Southern Observatory (ESO), 
located at Cerro Paranal in the Atacama 
Desert, Chile, which is one of the driest 
places on Earth. For the analyses presented 
below, we used the various sensors installed 
at Paranal Observatory but also, to show a 
longer time span (from 1980 to the present), 
we used the fifth generation European 
Centre for Medium-Range Weather 
Forecasts (ECMWF) atmospheric reanalysis 
of the global climate, ERA51, with a spatial 
resolution of 31 km, which we interpolated 
at the Paranal Observatory location. To 
investigate longer timescale evolution 
(from 1900 to 2010), at a cost of a coarser 
spatial resolution (130 km) that averages the 
actual orography and may blend the ocean–
continent interfaces, we in some cases used 
the ERA20C reanalysis data2. In addition, we 
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Fig. 1 | Temperature in the region around Paranal Observatory. a, Monthly averaged daily mean 
temperature over the Paranal Observatory as a function of time, retrieved from the ERA5 reanalysis 
data (blue) and as measured at the Paranal Observatory (red), with the corresponding yearly average 
(thick lines) and median (dashed lines). b, Occurrence of the real (green) and target (blue) temperature 
(limited to 16 °C, solid red line) of the UTs dome cooling system, from 2006 to 2020. c, Frequency of 
the sunset temperature measured at Paranal to be above the 16 °C limit of the current cooling system, 
as a function of time. d, Yearly median near surface air temperature as a function of time, from the 
ERA20C reanalysis data (green) with its global median (green dotted line), and from the CMIP6 climate 
projection using the SSP5-8.5 scenario (Beijing Climate Centre, BCC-CSM2-MR model ensemble), 
adjusted to the ERA20C mean (orange).
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The carbon footprint of large astronomy 
meetings
The annual meeting of the European Astronomical Society took place in Lyon, France, in 2019, but in 2020 it was 
held online only due the COVID-19 pandemic. The carbon footprint of the virtual meeting was roughly 3,000 times 
smaller than the face-to-face one, providing encouragement for more ecologically minded conferencing.

Leonard Burtscher, Didier Barret, Abhijeet P. Borkar, Victoria Grinberg, Knud Jahnke, Sarah Kendrew, 
Gina Ma!ey and Mark J. McCaughrean

The scientific evidence that we live 
in a climate emergency calls for 
urgent action1. As a society, we 

are collectively failing to live within our 
environmental boundaries2, with possibly 
catastrophic consequences for human 
civilization1. The time to address these 
issues is now1,3. The United Nations 
Emissions Gap Report from 2019 states that 
each year a global reduction of emissions 
of 7.6% is required to limit the average 
global temperature rise to 1.5 °C (ref. 3) 
— the target that was outlined in the Paris 
Agreement in 2016. At the current rate of 
emissions, we will exceed the ‘carbon budget’ 
to meet this goal within the next eight years4.

While ultimately systemic change is 
required to solve the climate crisis, it is also 
the responsibility of individuals to reduce 
our emissions. This applies in particular 
to astronomers who rely heavily on fossil 
fuel energy for, for example, computation, 
telescope operation and travel5–8. To 
future-proof astronomy, we must recognize 
impending environmental change, financial 
uncertainties and the need for moral 
introspection, which threaten to hinder 
the continuation of the discipline. At the 
same time, the advancement and sharing of 
knowledge in general (and particularly with 
the public) is becoming even more vital as 
we face a global threat.

EWASS 2019 equivalent emissions
Conferences are a vital element of 
astrophysical research and collaboration, 
but the air travel often connected with 
face-to-face conferences is a major source of 
environmental concern. Following last year’s 
annual European Astronomical Society 
(EAS) meeting in Lyon (the European Week 
of Astronomy and Space Science (EWASS) 
2019), we conducted a short survey among 
participants who had agreed to receive such 
communication via e-mail (719 out of 1,240 
attendees) to estimate the current, collective 
carbon emissions generated through travel 

to and from the meeting. In establishing 
this initial estimate as a baseline, it was 
hoped that guidance could be developed 
to reduce future travel-related emissions. 
The anonymous questionnaire was very 
simple and only asked for the participants’ 
origin and final destination and their main 
mode of transport. After two weeks we had 
collected 267 (22% of all participants) valid 
responses.

Just over two thirds of the respondents 
(66.9%) indicated that they arrived in Lyon 
by airplane, 27.8% arrived by train and 
the remaining 5.3% used other means of 
transport such as car, bus, metro, bike or by 
foot. 86.5% returned directly to their origin 
after the conference using the same means of 

transport. Of those who did not, the modal 
split was similar to the inbound journey.

We computed the CO2-equivalent (CO2e) 
emissions associated with every plane or 
train trip using an online travel footprint 
calculator with its default settings, and 
we refer the reader to the accompanying 
paper9 for a discussion on the pitfalls of 
the methods used in these calculations (for 
example, assumptions about the radiative 
forcing index). For car trips, we used Google 
Maps to compute the shortest road distance 
and assumed emissions of 110 g km–1  
(ref. 10). The result of this computation is 
shown in Fig. 1.

The majority of trips (~80%) produced 
CO2e emissions of less than 1,000 kg per 
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Fig. 1 | Histogram of CO2e emissions per trip. The blue histogram corresponds to the left axis, and 
cumulative emissions are shown with the red line and the right axis. Some example destinations are 
indicated for reference. Note that these numbers refer to respondents only (~22% of all participants).
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The impact of climate change on astronomical 
observations
Climate change is a!ecting and will increasingly a!ect astronomical observations, particularly in terms of dome 
seeing, surface layer turbulence, atmospheric water vapour content and the wind-driven halo e!ect in exoplanet 
direct imaging.

Faustine Cantalloube, Julien Milli, Christoph Böhm, Susanne Crewell, Julio Navarrete, Kira Rehfeld, 
Marc Sarazin and Anna Sommani

Astronomers are entering an era in 
which they will change the way 
they work, with the arrival of the 

30–40 m class ground-based telescopes and 
large international observational projects 
sparking new ways of communicating and 
collaborating. These scientific challenges 
come together with societal ones, such as 
the role astronomers play in communicating 
and undertaking actions to significantly 
reduce the environmental footprint of 
astronomical research. More generally, 
it is urgent that astronomers, through 
their unique perspective on the Universe, 
communicate about and act on climate 
change consequences at any level. In this 
context, we have investigated the role 
some key weather parameters play in the 
quality of astronomical observations and 
analysed their long-term (longer than 30 
years) trends in order to grasp the impact 
of climate change on future observations. 
In what follows we give four examples 
of how climate change already affects or 
could potentially affect the operations of an 
astronomical observatory. This preliminary 
study is conducted with data from the Very 
Large Telescope (VLT), operated by the 
European Southern Observatory (ESO), 
located at Cerro Paranal in the Atacama 
Desert, Chile, which is one of the driest 
places on Earth. For the analyses presented 
below, we used the various sensors installed 
at Paranal Observatory but also, to show a 
longer time span (from 1980 to the present), 
we used the fifth generation European 
Centre for Medium-Range Weather 
Forecasts (ECMWF) atmospheric reanalysis 
of the global climate, ERA51, with a spatial 
resolution of 31 km, which we interpolated 
at the Paranal Observatory location. To 
investigate longer timescale evolution 
(from 1900 to 2010), at a cost of a coarser 
spatial resolution (130 km) that averages the 
actual orography and may blend the ocean–
continent interfaces, we in some cases used 
the ERA20C reanalysis data2. In addition, we 
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Fig. 1 | Temperature in the region around Paranal Observatory. a, Monthly averaged daily mean 
temperature over the Paranal Observatory as a function of time, retrieved from the ERA5 reanalysis 
data (blue) and as measured at the Paranal Observatory (red), with the corresponding yearly average 
(thick lines) and median (dashed lines). b, Occurrence of the real (green) and target (blue) temperature 
(limited to 16 °C, solid red line) of the UTs dome cooling system, from 2006 to 2020. c, Frequency of 
the sunset temperature measured at Paranal to be above the 16 °C limit of the current cooling system, 
as a function of time. d, Yearly median near surface air temperature as a function of time, from the 
ERA20C reanalysis data (green) with its global median (green dotted line), and from the CMIP6 climate 
projection using the SSP5-8.5 scenario (Beijing Climate Centre, BCC-CSM2-MR model ensemble), 
adjusted to the ERA20C mean (orange).
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We witness the problem 

We are part of the problem 

We undergo the problem

Technology is indeed improving 
BUT  

we are also doing finer science



Very Large Telescope 
(2635m)

©Google Earth

24°37ʹ38ʺS 70°24ʹ15ʺW

Paranal Observatory (Chile)



Paranal Observatory (Chile)



Paranal Observatory (Chile)



Paranal Observatory (Chile)
Data: -> suitable for climate studies ! 

• We collected ~30 years of ambiant meteorological data 
• Re-analysis data are available (ECMWF, GMAO, NCEP/NCAR) 
• Weather balloon (twice daily at Antofagasta) 
• Projection for next century (IPCC-defined SSPs: CMIP)

Started in January 2020, 
Collaboration with climatologists, meteorologists and atmosphere scientists 

Questions: 
• Do we see the climate change in our observatory data ? 
• How does it compare with external data ? 
• Does it affect the quality of the observations ? 
• What’s gonna happen in ~20 years (ELT, SKA, ATC, AtLAST…)



Four examples of climate change indicators 
At Cerro Paranal observatory

1.Temperature 
2. Seeing 
3. Jet stream wind speed 
4. Humidity

MASS-DIMM (1998)



1. Temperature: observations

Paranal, yearly median

Paranal, yearly median

ECMWF, ERA5 (1980-2020)  
Spagal resolugon: 31 km, interpolated at Paranal 



1. Temperature: projection

CMIP6 
Climate projection using the SSP5-8.5 scenario 
Beijing Climate Centre, BCC-CSM2-MR model ensemble

ECMWF 
Reanalysis data ERA20C (1900-2010)  
Spatial resolution: 130 km, ‘interpolated’ at Paranal  



2. Surface Layer Seeing: observations

Two hypothesis: 
(1) levelling of the mountain and the numerous changes of configuration of the DIMM  
(2) the local changes due to global atmospheric circulation transition

Sarazin, M., Melnick, J., Navarrete, J. & Lombardi, G. Messenger 132, 11–17 (2008).



Subtropical jet stream layer: 12+/-1 km, 20 to 60m/s
https://earth.nullschool.net

3. Jet stream wind-speed: definition



3. Jet stream wind-speed: observations

+2-3 m/since 2015 … 

©J. Milli



4. Humidity: observations

Low Humidity and Atmospheric Temperature PROfiling (LHATPRO) 
Kerber, F. et al. Proc. SPIE (2012)

Getting drier…?
5-years of  LHATPRO data: 

Comparison ERA5-scaled vs LHATPRO



4. Humidity: observations & projections



Mont Stromlo (2003) 
©  Australian Capital Territory 
Electricity and Water

Mont Graham (2006) 
©  Mount Graham International 
Observatory

Mont Wilson (2020) 
©  Mount Wilson Observatory

Flanningan et al., 2005,  
Forest fires and climate change in the 21st century

“In the future, under a warmer climate,  
                      we expect more severe fire weather, more area burned,  
                                     more ignitions and a longer fire season.”

Moritz et al., 2012 
Climate change and disruptions to global fire activity

Impact of climate change… 
the elephant in the room



Impact of climate change…

Ressources

Commensality

Local population

Light pollution top-down

Light pollution bottom-up

Energy

Social stability is needed to run an observatory



Conclusions

• Yes, we see consequences of the anthropogenic global warming 
• It starts to affect the quality of our observations  
• Yet, it is difficult to firmly quantify / claim… 
• And understand better large to small scale process !

Questions / comments / suggestions ?  
Write me ! 
faustine.cantalloube@lam.fr



Perspectives
• List the other obvious impact for future astronomical obs. 
• Extend the current study to more parameters (VLT & ELT sites) 
• Compare with more models / measurements / predictions 
• Other man-made alterations (e.g. aerosols, light pollution…) 
• … humidity …


