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365 days the yearinscience

A mohile vaccination team at work during a house call in a remote region of Turkey,

HOW COVID VACCINES
SHAPED 2021 — INEIGHT
POWERFUL CHARTS

The extraordinary vaccination of more than four billion people, and lack of access for
others, were major forces this year — while Omicron’s arrival complicated things.

By Smriti Mallapaty, Ewen Callaway,
Max Kozlov, Heidi Ledford, John
Pickrell & Richard Van Noorden

year ago, vaccine drives against

COVID-19 were just beginning. Now,

more than 4.4 billion people have had

one or more dose — about 56% of the

world population. Thevaccination of

so manyin suchashort spaceof time, sosoon

after the unparalleled rapid development of

thevaccines, hassaved huge numbersoflives
and is a triumph for science and research.

Sadly, the vaccines have notbeen shared or

takenup equitably acrossthe world, nor even,

sometimes, within nations. But the extraor-

dinary roll-out of a plethora of COVID-19

vaccines — or the fack thereof ~ has been a

major force shaping potitics, science and
everydaylife in2021. Inthisgraphics-led story,
Natureoffers aguide to the successes, faflures
and impact of COVID-19 vaccines in 2021,

Winning therace
More than eight billion doses, mostly of eight
front-runner vaccines, have nowbeen admin-
istered around the world, the vast majorityin
2021 (see “The race to vaccinate’). “Just mak-
ing that much vaccine has been the standout
success,”says Gagandeep Kang, avirologist at
the Christian Medical College in Vellore, India.
“The vaccines have had a huge impact
on averting deaths and helping countries’
economies return to normal,” says Soumya
Swaminathan, chief scientist at the World
Health Organization (WHO) in Geneva,
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@ 207 Spriager Nature Limited All nghis reserved

#ERER

THE RACE TO VACCINATE

Nearly 10 billion doses of COVID-19 vaccine have been
delivered around the world since mid-2020, 8.5 billfon
of which had been administered by late 2021. Eight

different vaccines make up the vast majority of doses”.

University of Oxford
-AstraZeneca

CoronaVac
Pfizer-BioNTech
Sinopharm

Moderna 42

Johnsan & Johnsan -
Sputnik V

Bharat Biotech
Other

0 05 10 15 20 25

*Data as of 14 December 2021 Doses delivered (biltions)
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VACCINE INNOVATION

Most vaccines take vears to develop, but scientists
created multiple vaccines for SARS-CaV-2 within a year.

Year in which US
vaccine was licensed

Year in which pathogen
was linked to disease
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Switzerland. “In countries with high coverage,
infections have been uncoupled fromdeaths,
s0 that even with new surges of infection,
deaths have stayed low.”

Also noteworthy is the speed of vaccine
development (see ‘Vaccineinnovation’). No vac-
cinesin history have beendevelopedso fast, yet
23 vaccines against SARS-CoV-2 have already
been approved for usearound theworld —and
hundreds more are in development.

Itis estimated that this astonishingly rapid

devélopment diid deployment has savedat

least 750,000 lives in the United States and
Europealone —and probably many more glob-
ally, although researchers areas yetunwilling
to commit to a number. A study by the WHO
and the European Centre for Disease Pre-
vention and Control in Solna, Sweden, pub-
lished last month!, estimated that 470,600
deaths had been averted across 33 European
countries in those aged 60 and over alone.
Another modelling study, which is yet to be
peer reviewed, by epidemiologists at Yale

University in New Haven, Connecticut, esti-
mated that 279,000 lives had been saved by
lateJune by the vaccination drive in the United
States (see go.nature.com/3gs7kgy).

Vaccine haves and have-nots

But despite the astonishing success of the
vaccines, it’s a story of haves and have-nots,
and the roll-out has been anything but equi-
table. “We were so together and so divided,”
says Kang. “Very together onthe science, very
divided on the access.”

Inthe world's most-vaccinated nations, such
as the United Arab Emirates, Chile and Cuba,
morethan 200 doses have been administered
per100 people —butatthe oppositeend of the
scale, in places suchas Tanzania, Afghanistan
and Papua New Guinea, fewer than 20 people
per 100 have received at least one dose (see
‘Global doses’).

“Vaccine inequity has been one of the most
painful experiences of the pandemic,” says
Swaminathan, who notes that there now exist
two parallel worlds. In some regions, infec-
tions have been uncoupled from deaths and
lifeis normalizing. But in others, thereis “fear
inopening up, schools remain shut, long-term
plans cannot be made, and surgesininfections
translate soon into higher deaths,” she says.

On average, in high-income countries, 83%
of the eligible populations have had at least

drne shét, but in' fow-iricorme countries that

number falls to 21%. These figures “never
cease to amaze”, says Andrew Azman, an
infectious-disease epidemiologist at Johns
Hopkins University in Baltimore, Maryland,
who co-authored an analysis on theinequities
in doses, posted as a preprint? in October.
Itwasexpected that poorer nations would get
increased supplies oncedemand fellin wealthy
nations, but most rich countries are nowadmin-
istering boosters. This, combined with thefact
that many countries are stockpiling doses,

GLOBALDOSES

Vaccines have been rolled out unevenly across the world, as shown by the number
of COVID-19 vaccine doses administered per 100 people in the total population®.

s 5 l

No data

0 20 40 60 80 100 120 140 160 180 200 220 240 260

*Data a3 of 29 Novernber 2021, Oata don't reflect the number of people who have been vaccinated because some people have
recelved two doses of a vaccine. Nature publications remain neutral with regard to contested Jurisdictional claims in published maps.
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VARIANTS AND VACCINES

Over the course of the past year, the emergence
of SARS-CoV-2 variants Alpha, Beta, Gamma,
Delta and Mu has challenged the effectiveness of
vaccines, although most have held their ground.
How vaccines will fare in the face of highly
mutated Omicron is yet to be determined*,

M Alpha M Delta B Beta B Gamma B Mu

Symptomatic Infection

University of Oxford
-AstraZeneca

Plizer-BioNTech [,

Moderna

Johnson & tohnson

100

0 20 40 60 80
Vaceine effectiveness against
symptomatic infection (%)

Hospltalization/death

University of Oxford
~AstraZeneca

Pfizer-BioNTech
Moderna
Johnson & Johnson e ]

o] 20 40 80 80 100
Vaccine effectiveness against
hospitalization and death (%)
*Data as of 25 Novernber, Estimates of ine effecti delled

by Airfinity. based on avaitable data, Figures on effecm'eness against
hespitslizatlon and daath not avatlable for all varlants.

could be contributing to alack of access for
those who really need them, says Kang.

Disparities exist not justbetween countries,
butalso within them. One study in the United
States found lower vaccination caverage in
areas that had larger numbers of people on
low incomes, or who were single parents, or
who had disabilities®, Other studies showdis-
parities in vaccination coverage along racial
orethnic lines®.

Waning immunity and variants

2021 was the year of COVID-19 vaccines, but
it was also the year of variants. Researchers
identified a trio of SARS-CoV-2 ‘variants of
concern’ in fate 2020 and early 2021, now
called Alpha, Beta and Gamma (see ‘Variants
and vaccines’). These seemed tospread faster
than viral lineages in circutation earlier, and
scientists worried that these variants might
also blunt the effectiveness of vaccines.
Laboratory studies and real-world epide-
mioclogy confirmed that vaccines remained
highly effective against the most widespread
of the three, Alpha, which was identified in the

United Kingdom. But Beta and Gamma — first

Nature | Vol 600 | 23/30 December 2021 | 581
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365 daysthe year in science

WANING IMMUNITY

The immunity conferred by COVID-19 vaceines,
particularly to prevent infections, falls over time — as
shown in these estimates of vaccine efficacy against
Delta in the months following a second dose*

w— AstraZeneca = Johnson & Johnson
= Pfizer-BioNTech

== Moderna

Vaccine performance (%)

25 50 75 100 125 150 175 200
Minimum days after dose

0+
0

*Data as of 26 Novernber 2021, Estimatas of vaccine
effectiveness modelled by Airfinity. based on available data.

spotted in South Africa and Brazil, respec-
tively — were linked to reduced effectiveness
of somevaccines, particularly those based on
viral vectors, suchasthe Oxford-AstraZeneca
vaccine, or on inactivated viruses, such as
those developed in China and India.

Delta, designated by the WHO as a variant
of concernin May, is currently responsible for
most new infections globally and has further
challenged vaccines. Countries suchaslsrael,
the United States and the United Kingdom that
began their vaccination campaigns early are
now seeing signs that vaccines lose their
potency over time (see ‘Waning immunity’).

Despite these challenges, the vaccines are
still doing a good job at protecting against
the most severe forms of COVID-19, says Laith
Jamal Abu-Raddad, an infectious-disease
epidemiologist at Weill Cornell Medicine-
Qatar in Doha. “We now have lots of data and
we see avery clear pattern that the vaccinesare
working very well against severity.”

However, researchersare racing to determine
how different vaccines will holdup against the
fast-spreading Omicron, designated avariant of

EXPLOSION OF KNOWLEDGE

Mare than 15,000 vaccine-related papers that
mention COVID-19 or SARS-CoV-2 have bean
published since early last year; 11,000 were
published in 2021 alone, making up an astonishing
A7% of all vaccine-related publications this year*.

W Vaccine papers M COVID-19 vaccine papers
2021
2020
2019

2018

2017 Z i Z
5000 10000 16,000 20,000 25000
Number of papers

+lournal articlas, preprints, and clinical trial reports Indexed
on the PubMed database. Data as of 24 November 2021

0
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concerninlate November. A preliminary study
from the United Kingdom found that two vac-
cinedosesofferlittle protection against becom-
inginfected with Omicron (athird booster dose
restored vaccine effectiveness to above 70%).
Researchers expect that vaccines will continue
to prevent severe disease caused by the variant
—but to what extent is not yet clear.

New vaccines on the horizon

While a little less than half the world’s pop-
ulation still awaits a first dose of a COVID-19
vaccine, researchers are developing more than
300 fresh options. (see ‘Under development’).

Some of these next-generation vaccines

could have key advantages over those cui-
rently available. Forexample, protein vaccines
use SARS-CoV-2 proteins to rouse the immune
system, and promise to be easier to produce
and transport than some existing vaccines.

In particular, two protein vaccines made
by Novavax, in Gaithersburg, Maryland, and
Clover Biopharmaceuticals in Chengdu, China,
will be pivotal to hitting the COVID-19 Vaccines
Global Access (COVAX) initiative's goal of
distributing two billion doses to low-income
nations next year, says Nicholas Jackson, head
of programmes and innovative technology
at the Coalition for Epidemic Preparedness
Innovations (CEPI) in Oslo.

Other upcoming COVID-19 vaccines are
being formulated so that they can be admin-
istered by mouth orinhaled through the nose,
such as nasally administered vaccines being
developed by CanSinc in Tianjin, China, and
AstraZeneca. Because these vaccines would be
administered into tissues that SARS-CoV-2 first
infiltrates when it enters the body, itis hoped
that oral or nasal vaccines could work well to
prevent infection, They would also require
fewer trained personnel to administer.

Some COVID-19 vaccines are being devel-
oped totackle specific SARS-CoV-2variantsor
evena variety of coronaviruses, Three diseases
caused by novel coronaviruses have already
emerged in less than 20 years, says Jackson
—severe acute respiratory syndrome (SARS)
in2002, Middle East respiratory syndrome
(MERS) in 2012 and COVID-19 in late 2019.
“A broadly protective coronavirus vaccine
could revolutionize our response to future
infectious-disease outbreaks,” he says.

Vaccinating children

How the pandemicunfolds from now on might
be driven not only by novel variants, but also
by how quickly vaccines reach another large
part of the global population that is yet to be
vaccinated — children.

During 2021, the highly transmissible
Delta variant caused a sharp rise in paedi-
atric COVID-19 cases worldwide. Although
only a relatively small proportion of kids
developsevere disease, that still translatesto
huge numbers of severe cases globally, says

# R R

A

THEKID EFFECT

A simulation of the US pandemic, run in Septernber
and averaging multiple models, found that starting to
vaceinate children aged S to 11 would not only lower
COVID-19s toll, but would also have a large impact if a
new, more transmissible coranavirus variant emerged.

e Observed data
New variant ~— Childhood vaccination
== No childhood vacecination
No new variant == Childhood vaccination
== No childhood vaccination

Weekly cases
1.2 o remeee s L s LB e e ek b
.' Projections
271 RO, LA A OO
[ -
-~ Children
L4
. - R S 2 /_ begin to be "
g ; vaccinated
g SLTDY in model ......
Z \

0 1 ] T : l i T

. Weekly hospltalizations

Thousands

Thousands

0 I 1] i - T 1 I
May Jul Sep Nov Jan Mar
2021» 2022»

Andrew Pavia, a paediatricinfectious-disease
researcher at the University of Utah Healthin
Salt Lake City. Widespread vaccination of chil-
dren will limit the number of severe casesin
thatage group and help to control the spread
of the virus, he says.

In the United States — where children
have accounted for the largest numbers of
COVID-19 cases of any age group since late
October —the Food and Drug Administration
(FDA) approved Pfizer-BioNTech’s vaccine for
thenation's roughly 28 millionkidsaged5toll
inearly November. Sincethen, more than five
miltion children there have received a dose —
and modelling studies run in September that
looked attheimpactinscenarioswherethere
were no new variants and where there were,
show that the benefits could be significant

SOURCE: DATA FROM PUBMED; NATURE ANALYSIS
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People \igali to getinoculated ata mass-vacclnatlb‘n hub.l.n Manila.

— particularly now, as we face the impacts
of Omicron (see ‘The kid effect’). The same
researchersare now starting to model the pos-
suble impacts oFOmicronon casenumbers in
the United States.

children have slowly been taking offto0. Reg:
ulatarsin Canadaand Israel, and the European
Medicines Agency, for examplé, all provision-

ally appr’ovéd t_he Pﬁzer vaccine for children

in late November, followed by Australia in
early December. Colombia, Chile, Argentina
and Venezuela are all now offering China’s
Sinopharmvaccinetochildren,

Elsewhere, vaccinations for younger . Vaccine paperssoar

Thedevelopment and deployment of COVID-

19 vaccineshasseenan extraordinary research :

gffortoverthepastyear.AccordmgtoN_ature’s
caleulations, at least 15,000 papers on

“UNDER DEUELGPMEHT

Researchers are developing more than 300 COVID-19 vaccines In addition to the 23 already inuse .
around the world; 84 are.in early-stage clinical trials and 40 are at much later stages of development®.
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vaccines mentioning COVID-19 or SARS-CoV-2
havebéen published since eariylastyear, with
more than 11,000 of those during 2021 (see
‘Explosion of knowlédge‘) These made up

more than 47% of all papers on vaccines pub-

lishedin 2021 —and madeit arecord-breaking
year for vaccine-related pubhcatlons,

Thebenefits of that research extend beyond
Jjust COVID-19 to vaccines more generally, say
researchers. “Humanity coming togetherto
develop and deploy vaécines has opened up
alot of doors for-vaccines and understand-
ing what they are, how they work and why we
might want to use theni in the future,” says
Azman.

- Vaccines will contmueto savehves andhelp
some semblance of normal lifétoreturn, and
energize researchers, But thé extent towhich

the world curtails the pandermc in2022 will
depend onhow quickly it provides accessin -

Iow-income nations, admlmsters boostersin
populatlonsrwith waning immunity, and pro-
vidés dosesto children —aswell asthe nature
and extent of new variants, such as Omicron.

-1, Mesta, M. M. 1. et al. Euro Sturveill, 28, pii=2i01021{2021).

2. Chen, Z. etal. Preprit at medRxiv hitps:/dok:

" - orghomen/202110.25.21265504 (2021,

3. Bany, V.etal Morb. Mortal. Whly Rep. 70, 818-824 {2021).
4. Wrigley-Field, E. at al, Preprint at medRxiv hitps:/fdoi,
0rg/10.1101/2021.11:19,21266612 (2021).
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They found hidden patterns in the cllmate and in
other complex phenomena

Three Laureates share this year's Nobel Prize in Physics for their studies of complex phenomena.
Syukuro Manabe and Klaus Hasselmann laid the foundation of our knowledge of the Earth’s climate
and how humanity influences it. Giorgio Parisi is rewarded for his revolutionary contributions to the
theory of disordered and random phenomena.

All complex systems consist of many different inter-
acting parts. They have been studied by physicists for

a couple of centuries, and can be difficult to describe
mathematically - they may have an enormous number
of components or be governed by chance. They couid
also be chaotic, like the weather, where small deviations
in initial values result in huge differences at a later -
stage. This year’s Laureates have all contributed to us
gaining greater knowledge of such systems and their
long-term development.

The Earth’s climate is one of many examples of complex
systems. Manabe and Hasselmann are awarded the
Nobel Prize for their pioneering work on developing
climate models. Parisi is rewarded for his theoretical
solutions to a vast array of problems in the theory of
complex systems.

Syukuro Manabe demonstrated how increased concentrations of carbon dioxide in the atmosphere
lead to increased temperatures at the surface of the Barth, In the 1960s, he led the development of
physical madels of the Earth’s climate and was the fixst person to explore the interaction between
radiation balance and the vertical transport of air masses. His work laid the foundation for the .
development of climate models.

About ten years later, Klaus Hasselmann created a model that links together weather and climate,
thus answering the question of why climate models can be rcliable despite weather being changeable
and chaotic. He also developed methods for identifying specific signals, fingerprints, that both natural
phenomena and human activities imprint in the climate. His methods have been used to prove that the
increased temperature in the atmosphere is due to human emissions of carbon dioxide.

Around 1980, Giorgie Parisi discovered hidden patterns in disordered complex materials. His discoveries
are among the most important contributions to the theory of complex systems. They make it possible
to understand and describe many different and apparently entirely random complex materials and
phenomena, not only in physics but also in other, very different areas, such as mathematics, biology,
neuroscience and machine learning.

Nobel Prize® is a registered tradermark of the Nobel Foundation.
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The greenhouse effect is vital to life

Two hundred years ago, French physicist Joseph Fourier studied the energy balance between the
sun’s radiation towards the ground and the radiation from the ground. He understood the atmospherc’s
role in this balance; at the Earth’s surface, the incoming solar radiation is transformed into outgoing
radiation - “dark heat” - which is absorbed by the atmosphere, thus heating it. The atmosphere’s
protective role is now called the greenhouse effect. This name comes from its similarity to the glass
panes of a greenhouse, which allow through the heating rays of the sun, but trap the heat inside.
However, the radiative processes in the atmosphere are far more complicated.

The task remains the same as that undertaken by Fourier - to investigate the balance between the
shortwave solar radiation coming towards our planet and Earth’s outgoing longwave, infrared radiation.
The details were added by many climate scientists over the following two centuries. Contemporary
climate models are incredibly powerful tools, not only for understanding the climate, but also for
understanding the global heating for which humans are responsible.

These models are based on the laws of physics and have been developed from models that were
used to predict the weather. Weather is described by meteorological quantities such as temperature,
precipitation, wind or clouds, and is affected by what happens in the oceans and on land. Climate
models are based upon the weather’s calculated statistical properties, such as average values, standard
deviations, highest and lowest measured values, etcetera. They cannot tell us what the weather will
be in Stockholm on 10 December next year, but we can get some idea of what temperature or how
much rainfall we can expect on average in Stockholm in December.

Establishing the role of carbon dioxide

The greenhouse effect is essential for life on Earth. It governs temperature because the greenhouse
gases in the atmosphere - carbon dioxide, methane, water vapour and other gases - first absorb the
Earth’s infrared radiation and then release this absorbed energy, heating up the surrounding air and
the ground below it.

Greenhouse gases actually comprisc 2 very small proportion of the Earth’s dry atmosphere, which is
largely nitrogen and oxygen - these are 99 per cent by volume. Carbon dioxide is just 0.04 per cent
by volume. The most powerful greenhouse gas is water vapour, but we cannot control the concentration
of water vapour in the atmosphere, while we can control that of carbon dioxide.

The amount of water vapour in the atmosphere is highly dependent on temperature, leading to a feed-
back mechanism. More carbon dioxide in the atmosphere makes it warmer, allowing more water vapour
to be held in the air, which increases the greenhouse effect and makes temperatures rise even further. If
the carbon dioxide level drops, some of the water vapour will condense and the temperature will fall.

An important first piece of the puzzle about the impact of carbon dioxide came from Swedish
researcher and Nobel Laureate Svante Arrhenius. Incidentally, it was his colleague, meteorologist
Nils Ekholm who, in 1901, was the first to use the word greenhouse in describing the atmosphere’s
storage and re-radiation of heat.

Arrhenius understood the physics responsible for the greenhouse effect by the end of the 19 century - that
outgoing radiation is proportional to the radiant body’s absolute temperature (T) to the power of four (T%).

The hotter the source of the radiation, the shorter the rays’ wavelength. The Sun has a surface temperature
of 6,000°C and primarily emits rays in the visible spectrum. Earth, with a surface temperature of
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just 15°C, re-radiates infrared radiation that is invisible to us. If the atmosphere did not absorb this
radiation, the surface temperature would barely exceed -18°C,

Arrhenius was actually attempting to work out what caused the recently discovered phenomenon of ice
ages. He arrived at the conclusion that if the level of carbon dioxide in the atmosphere halved, this would
be enough for the Earth to enter a new ice age. And vice versa - 3 doubling of the amount of carbon
dioxide would increase the temperature by 5-6°C, a result which, somewhat fortuitously, is astoundingly
close to current estimates. '

Pioneering model for the effect of carbon dioxide

In the 19505, Japanese atmospheric physicist Syukuro Manabe was one of the young and talented
researchers in Tokyo who left Japan, which had been devastated by war, and continued their careers
in the US. The aim of Manabes’s research, like that of Arrhenius around seventy years carlier, was to
understand how increased levels of carbon dioxide can cause increased temperatures. However, while
Arrbenius had focused on radiation balance, in the 1960s Manabe led work on the development of
physical models to incorporate the vertical transport of air masses due to convection, as well as the
latent heat of water vapour.

To make these calculations manageable, he chose to reduce the model to one dimension - a vertical
column, 40 kilometres up into the atmosphere. Even so, it took hundreds of valuable computing
hours ro test the model by varying the levels of gases in the atmosphere. Oxygen and nitrogen had
negligible effects on surface temperature, while carbon dioxide had a clear impact: when the level of
carbon dioxide doubled, global temperature increased by over 2°C.

Manabe's climate model

4
¥ Syukuro Manabe was the first researcher to
," explore the interaction between radiation
* ‘ balance and the verticat transport of air
¢ rnasses due to convection, also taking account

of the heat contributed by the water cycle.
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ground is partially absorbed in the through convection. It also carries water
atmosphere, warming the air and vapour, which is a powerful greenhouse
the ground, while some radiates gas. The warmer the air, the higher the

out into space. concentration of water vapour. Further up,
. where the atmosphere is colder, cloud
drops form, releasing the latent heat
stored in the water vapour.
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Carbon dioxide heats
the atmosphere

Increased levels of carbon
dioxide lead to higher
temperatures in the lower
atmosphere, while the upper
atmosphere gets colder.
Maznabe thus confirmed that
the variation in temperature
is due to increased levels of
carbon dioxide; if it was
caused by increased solar 30
radiation, the entire atmosp-

here should have warmed up.
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Temperature at the surface
fell by 2.28°C when the level
of carbon dioxide halved.

It increased by 2.36°C when
the level of carbon dioxide
doubled.
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Source: Manabe and Wetherald {1947] Thermal equilibrium of the atmosphere with a giv.en distribution of relative humidity, Journat of
the atmaspheric sciences, Vol. 24, Nr 3, May.

The model confirmed that this heating really was due to the increase in carbon dioxide, because it
predicted rising temperatures closer to the ground while the upper atmosphere got colder, If variations
in solar radiation were responsible for the increase in temperature instead, the entire atmosphere
should have been heating at the same time. '

Sixty years ago, computers were hundreds of thousands of times siower than they are now, so this
model was relatively simple, but Manabe got the key features right. You must always simplify, he
says. You cannot compete with the complexity of nature - there is so much physics involved in every
raindrop that it would never be possible to compute absolutely everything. The insights from the one-
dimensional model led to a climate model in three dimensions, which Manabe published in 1975; this-
was yet another milestone on the road to understanding the climate’s secrets.

Weather is chaotic

About ten years after Manabe, Klaus Hasselmann succeeded in linking together weather and climate
by finding a way to ontsmart the rapid and chaotic weather changes that were so troublesome for
calculations. Our planet has vast shifts in its weather because solar radiation is so unevenly distributed,
both geograph.i:cally and over time. Earth is round, so fewer of the sun’s rays reach the higher latitudes
than the lower ones around the Equator. Not only this, but the Earth’s axis is tilted, producing seasonal

“differences in incoming radiation. The differences in density between warmer and colder air cause

the colossal transports of heat between different latitudes, between ocean and land, between higher
and lower air masses, which drive the weather on our planet.
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As we all know, making reliable predictions about the weather for more than the next ten daysisa
challenge. Two hundred years ago, the renowned French scientist, Pierre-Simon de Laplace, stated
that if we just knew the position and speed of all the particles in the universe, it should be possible
to both calculate what has happened and what will happen in our world. In principle, this should be
true; Newton’s three-century old laws of motion, which also describe air transport in the atmosphere,
are entirely deterministic - they are not governed by chance.

However, nothing could be more wrong when it comes to the weather. This is partly because, in
practice, it is impossible to be precise enough - to state the air temperature, pressure, humidity or
wind conditions for every point in the atmosphere. Also, the equations are nonlinear; small deviations
in initial values can make a weather system evolve in entirely different ways. Based on the question
of whether a butterfly flapping its wings in Brazil could cause a tornado in Texas, the phenomenon
was named the butterfly effect. In practice, this méans that it is impossible to produce long-term
weather forecasts — the weather is chaotic; this discovery was made in the 1960s by the American
meteorologist Edward Lorenz, who laid the foundation of today’s chaos theory.

Making sense of noisy data

How can we produce reliable climate models for several decades or hundreds of years into the future, despite
weather being a classic example of a chaotic system? Around 1980, Klaus Hasselmann demonstrated how
chaotically changing weather phenomena can be described as rapidly changing noise, thus placing
long-term climate forecasts on a firm scientific foundation. Furthermore, he developed methods for
identifying human impact on the observed global temperature.

As a young doctoral student in physics in Hamburg, Germany, in the 1950s, Hasselmann worked

on fluid dynamics, then began to develop observations and theoretical models for ocean waves and
currents. He moved to California and continued with oceanography, meeting colleagues such as
Charles David Keeling, with whom the Hasselmanns started a madrigal choir. Keeling is legendary for
beginning, back in 1958, what is now the longest series of atmospheric carbon dioxide measurements
at the Mauna Loa Observatory in Hawaii. Little did Hasselmann know that in his later work he would
regularly use the Keeling Curve, which shows changes in the carbon dioxide levels.

Obtaining a climate model from noisy weather data can be illustrated by walking a dog: the dog runs
off the lead, backwards and forwards, side to side and around your legs. How can you use the dog’s
tracks to see whether you are walking or standing still? Or whether you are walking quickly or slowly?
The dog’s tracks are the changes in the weather, and your walk is the calculated climate. Is it even possible
to draw conclusions about long-term trends in the climate using chaotic and noisy weather data?

One additional difficulty is that the fuctuations that influence the climate are extremely variable
over time - they may be rapid, such as in wind strength or air temperature, or very slow, such as
melting ice sheets and warming oceans. For example, uniform heating by just one degree can take a
thousand years for the ocean, but just a few weeks for the atmosphere. The decisive trick was incor-
porating the rapid changes in the weather into the calculations as noise, and showing how this noise
affects the climate.

Hasselmann created a stochastic climate model, which means that chance is built into the model.
His inspiration came from Albert Einstein’s theory of Brownian motion, also called a random walk.

Using this theory, Hasselmann demonstrated that the rapidly changing atmosphere can actually
cause slow variations in the ocean.
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Discerning traces of human impact

Once the model for climate variations was finished, Hasselmann developed methods for identifying
human impact on the climate system. He found that the models, along with observations and theoretical
considerations, contain adequate information about the propertics of noise and signals, For example,
changes in solar radiation, voleanic particles or levels of greenhouse gases leave unique signals, finger-
prints, which can be separated out. This method for identifying fingerprints can also be applied to
the effect that humans have on the climate system. Hasselman thus cleared the way to further studies
of climate change, which have demonstrated traces of human impact on the climate using a large
number of independent observations. )

Climate models have become incréasingly refined as the processes included in the climate’s complicated
interactions are mapped more thoroughly, not least through satellite measurements and weather
observations. The models clearly show an accelerating greenhouse effect; since the mid-19* century,
the levels of carbon dioxide in the atmosphere have increased by 40 per cent. Earth’s atmosphere has
not contained this much carbon dioxide for hundreds of thousands of years. Accordingly, temperature
measurements show that the world has heated by 1°C over the past 150 years.

Syukuro Manabe and Klaus Hasselmann have contributed to the greatest benefit for humankind,
in the spirit of Alfred Nobel, by providing a solid physical foundation for our knowledge of Earth’s
climate. We can no longer say that we did not know - the climate models are unequivocal. Is Earth
heating up? Yes. Is the cause the increased amounts of greenhouse gases in the atmosphere? Yes.
Can this be explained solely by natural factors? No. Are humanity’s emissions the reason for the
increasing temperature? Yes,

|dentifying fingerprints in the climate

Klaus Hasselmann developed methods for distinguishing between
natural and human causes (fingerprints] of atmaspheric heating.
Comparison between changes in the mean temperature in relation to
the average for 1901-1950 [°C).

— (bservations

— Calculations that show
the effect of only natural
sources, such as velcanic
eruptions.

e Calculations of the effect
of both natural and
human sources.

+ Volcanic eruptions

Observations of thanges in temperature [°C)
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Source: Hegerl and Zweirs {2011) Use of models in detection & attribution of climate change, WIREs Climate Change,
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Methods for disordered systems

Around 1980, Giorgio Parisi presented his discoveries about how apparently random phenomena are
governed by hidden rules. His work is now considered to be among the most important contributions
to the theory of complex systems.

Modern studies of complex systems are rooted in the statistical mechanics developed in the second half
of the 19* century by James C. Maxwell, Ludwig Boltzmann and J. Willard Gibbs, who named this
field in 1884. Statistical mechanics evolved from the insight that a new type of method was necessary for
describing systems, such as gases or liquids, that consist of large nurnbers of particles. This method
had to take the particles’ random movements into account, so the basic idea was to calculate the
particles’ average effect instead of studying each particle individually. For example, the temperature
in a gas is a measure of the average value of the energy of the gas particles. Statistical mechanics is a
great success, because it provides a microscopic explanation for macroscopic properties in gases and
liquids, such as temperature and pressure.

The particles in a gas can be regarded as tiny balls, flying around at speeds that increase with higher
temperatures, When the temperature drops, or pressure increases, the balls first condense into a
liquid and then into a solid. This solid is often a crystal, where the balls arc organised in a regular
pattetn. However, if this change happens rapidly, the balls may form an irregular pattern that does
not change even if the liquid is further cooled or squeezed together. If the experiment is repeated,
the balls will assume a new pattern, despite the change happening in exactly the same way. Why are
the results different? ' '

Mathematics for complex disordered systems

Every time many identical discs are squeezed together, a new irregular pattern is
formed despite them being squeezed in exactly the same way. What governs the result?
Giergie Parisi discovered & hidden structure in such complex disordered systems,
which these discs represent, and found a way of describing them mathematically.

Understanding complexity

These compressed balls are a simple model for ordinary glass and for granular materials, such as
sand or gravel. However, the subject of Parisi’s original work was a different kind of system ~ spin
glass. This is a special type of metal alloy in which iron atoms, for example, are randomly mixed
into a grid of copper atoms. Even though there are only a few iron atoms, they change the material’s
magnetic propertics in a radical and very puzzling manner. Each iron atom behaves like a small magnet,
or spin, which is affected by the other iron atoms close to it. In an ordinary magnet, all the spins point in
the same direction, but in a spin glass they are frustrated; some spin pairs want to point in the same direc-
tion and others in the opposite direction - so how do they find an optimal otientation?
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In the introduction to his book abour spin glass,
Parisi writes that scudying spin glass is like watching
the human tragedies of Shakespeare’s plays. If you
want to make friends wich two people ar the same
time, but they hate each other, it can be frustrating.
This is even more the case in a classical tragedy, where
strongly emotional friends and enemies meet on stage.
How can the tension in the room be minimised?

Frustration

Spin glasses and their exortic properties provide a When one spin points upward and the other

model for complex systems. In the 1970s, many downward, the third one cannot satisfy them
physicists, including several Nobel Laureates, both at the same time, because neighbouring

. . spins want to point in different directions. How
searched for a way to describe the mysterious and do the spins find an optimal orientation? Giorgio
frustrating spin glasses. One method they used was ~ Parisi is a master at answering these questions
the replica trick, 2 mathematical technique in which ~ for many different materials and phenomena.
many copies, replicas, of the system are processed at

the same time. However, in terms of physics, the results of the original calculations were unfeasible.

In 1979, Parisi made a decisive breakthrough when he demonstrated how the replica trick could

be ingeniously used to solve a spin glass problem. He discovered a hidden structure in the replicas,
and found a way to describe it mathemarcically. It took many years for Parisi’s solution to be proven
mathematically correct. Since then, his method has been used in many disordered systems and
become a cornerstone of the theory of complex systems. - ' -

. o * ® * s Spin glass

A spin glass is a metal alloy where iron
atoms, for example, are randomly mixed into
¢~ @ =y e @ WR a grid of copper atoms, Each iron atom
behaves like a small magnet, or spin, which
is affected by the other magnets around it.
However, in a spin glass they are frustrated
® ® ® e ® ® and have difficulty ghoosing which direction
to point. Using his studies of spin glass,
Parisi developed a theory of disordered and

random phenomena that covers many other
L4 ! L4 L4 Ld e complex systems.

® lron
) . o—o——eo ® o Conper

The fruits of frustration are many and varied

Both spin glass and granular materials are examples of frustrated systems, in which various constituents
must arrange themselves in a manner that is a compromise berween counteracting forces. The guestion
is how they behave and what the results are, Parisi is a master at answering these questions for many
different materials and phenomena. His fundamental discoveries abour the structure of spin glasses

were so deep that they not only influenced physics, but also mathemarics, biology, neuroscience and
machine learning, because all these fields include problems that are directly related to frustration.
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Parisi has also studied many other phenomena in which random processes play a decisive role in

how structures are created and how they develop, and dealt with questions such as: Why do we have -
periodically recurring ice ages? Is there a more general mathematical description of chaos and turbu-
lent systems? Or — how do patterns arise in a murmuration of thousands of starlings? This question
may seem far removed from spin glass. However, Parisi has said that most of his research has dealt
with how simple behaviours give rise to complex collective behaviours, and this applies to both spin
glasses and starlings.

FURTHER READING

Additional information on this year's prizes, including a scientific background in English, is available on the
website of the Royal Swedish Academy of Sciences, www.kva.se, and at www.nobelprize.org, where you can watch
video from the press conferences, the Nobel Lectures and more. Information on exhibitions and activities
related to the Nobel Prizes and the Prize in Economic Sciences is available at www.nobelprizemuseum.se

The Royal Swedish Academy of Smences has decided to award the Nobel Prize
in Physics 2021

“for groundbreaking contributions to our understanding of complex physical systems”

with one half jointly to and the cther half to

SYUKURO MANABE KLAUS HASSELMANN GIORGIO PARISI
Born 1931 in Shingu, Japan. Ph.D. Born 1931 in Hamburg, Germany. Born 1948 in Rome. ltaly. Ph.D, 1970
1958 from University of Tokyo, Japan.  Ph.D. 1957 from University of Géttingen, ~ {rom Sapienza University of Rome,
Senior Meteorologist at Princeton Germany. Professor, Max Planck Italy. Professor at Sapienza University
University, USA. Institute for Meteorology, Hamburg, of Rome, ltaly.

Germany.

“for the physzcal modelling of Earth’s climate, quantzﬁmg “for the discovery of the

variability and reliably predicting global warming” interplay of disorder and
fluctuations in physical
systems from atomic to
planetary scales”

Science Editors: UIf Danielsson, Thors Hans Hansson, Gunnar ingelmen, Anders Irback, John Wettlaufer, the Nobel Gemimittee for Physics
Text: Joanna Rose

Transtator: Clare Barnes

INustrations: @lohan Jarnestad/The Rayal Swedish Academy of Sciances

Editor: Sara Bustavsson

©The Royal Swedish Academy of Sciences
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They developed the world’s most powerful battery

The Nobel Prize in Chemistry 2019 is awarded to John B. Goodenough, M. Stanley Whittingham and
Akira Yoshino for their contributions to the development of the lithium-ion battery. This rechargeable
battery laid the foundation of wireless electronics such as mobile phones and {aptops. it also makes
a fossil fuel-free world possible, as it is used for everything from powering electric cars to storing
energy from renewable sources.

An element rarely gets to play a central role in a drama, but the story of 2019°s Nobel Prize in
Chemistry has a clear protagonist: lithium, an ancient element that was created during the first
minutes of the Big Bang. Humankind became aware of it in 1817, when Swedish chemists Johan
August Arfwedson and J6ns Jacob Berzelius purified it out of a mineral sample from Uté Mine, in
the Stockholm archipelago. '

Berzelius named the new element after the Greek word for stone, lithos. Despite its heavy name, it is
the lightest solid element, which is why we hardly notice the mobile phones we now carry around.

21
Sc

Y

Lithium is a metal. [t has just one electron in its outer electron shelf, and this has a strong drive ta leave Lithium for another atom,
When this happens, a positively charged - and mare stabte - lithium ien is formed.

39

LITHIUM LITHIUM [ON

To be completely correct - the Swedish chemists did not actually find pure metallic lithium, but
lithium fons in the form of a salt. Pure lithium has set off many fire alarms, not least in the story we
will tell here; it is an unstable element that must be stored in oif so it does not react with air.

Lithium’s weakness - its reactivity ~ is also its strength, In the carly 1970s, Stanley Whittingham used

lichium’s enormous drive to release its outer electron when he developed the first functional lithium

battery. In 1980, John Goodenough doubled the battery’s potential, creating the right conditions

for a vastly more powerful and useful batrery. In 1985, Akira Yoshino succeeded in eliminating pure

lithium from the battery, instead basing it wholly on lithium ions, which are safer than pure lithium.

This made the battery workable in practice. Lithium-ion batteries have brought the preatest benefit

to humankind, as they have enabled the development of laptop computers, mobile phones, electric :
vehicles and the storage of encrgy generated by solar and wind power. _ : ‘ :

Nabel Prize® is a registered trademark of the Mobe! Foundation.

We will now step fifty years back in tir-ne, to the beginning of the lithium-ion battery’s highly
charged story. :
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Petrol haze revitalises battery research

In the mid-20th century, the number of petrol-driven cars in the world increased significantly, and cheir
exhaust fumes worsened the harmful smog found in big cities. This, combined with the growing realisa-
tion that oil is a finite resource, sounded an alarm for both vehicle manufacturers and oil companies. They
needed to invest in electric vehicles and alternative sources of energy if their businesses wete to survive.

Electric vehicles and alternative sources of energy both require powerful batteries that can store
large amounts of energy. There were really only two types of rechargeable batteries on the market at
this time: the heavy lead battery that had been in invented back in 1859 (and which is still used as a
starter battery in petrol-driven cars) and the nickel-cadminm batrery that was developed in the first
half of che 20th century.

0il companies invest in new technology

The threat of oil running out resulted in an oil giant, Exxon, deciding to diversify its activities. In a major
investment in basic research they recruired some of that time’s foremost researchers in the field of energy,
giving them the freedom to do pretty much what they wanted as long as it did not involve petroleum.

Stanley Whittingham was among those who moved to Exxon in 1972, He came from Stanford ,
University, where his research had included solid materials with atom-sized spaces in which charged
ions can attach. This phenomenon is called intercalation. The materials’ properties change when

jons are caught inside them. At Exxon, Stanley Whittingham and his colleagues started to inves:
tigate superconducting materials, including tantalum disulphide, which can intercalate ions. They
added ions to tantalum disulphide and studied how its conductivity was affected.

Whittingham discovers an extremely energy-dense material

As is so often the case in science, this experiment led to an unexpected and valuable discovery. it
turned out that potassium ions affected the conductivity of tantalum disulphide, and when Stanley
Whittingham starced to study the material in detail he observed that it had a very high energy
density. The interactions that arose berween the potassium ions and the tantalum disulphide were
surprisingly energy rich and, when he measured the material’s voltage, it was a couple of volts. This
was better than many of that time’s batteries. Stanley Whittingham quickly realised that it was
time to change track, moving to the development of new technology that could store energy for the
electric vehicles of the future. However, tantalum is one of the heavier elements and the market did
not need to be faden with more heavy batteries ~ so he replaced tantalum with titanium, an element
which has similar properties but is much lighter.

Lithium in the negative electrode

Isn’t lithium supposed to have pride of place in this story? Well, this is where lithium enters the
narrative - as the negative electrode on Stanley Whittingham’s innovative battery. Lithium was not
a random choice; in a battery, electrons should flow from the negative electrode - the anode - to

the positive one - the cathode. The anode should therefore contain a material that easily gives up its
electrons, and lithium is one of the elements that most willingly releases an electron.

The result was a rechargeable lithium battery that worked at room temperature and - literally - had
great potential. Stanley Whitringham cravelled to Exxon’s headquarters in New York to talk about the
project. The meeting lasted about fifteen minutes, with the management group subsequently making a
rapid decision: they would develop a commercially viable battery using Whittingham’s discovery.
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The lirst rechargeable batteries had solid materials in the electrodes, which broke down when they reacted chemically with the
electrolyte. This destroyed the batteries, The advantage of Whittingham's lithium battery was that lithium ions were stored in spaces
in the titanium disulphide in the cathode, When the battery was used, lithium jons flowed from the lithjum in the anade to the titanium
disulphide in the cathade. When the battery was charged, the lithium jens flowed back again,

The battery explodes and the oil price falls

Unfortunately, the group that was to start producing the battery
suffered some setbacks. As the new lithium battery was repeat-
edly charged, thin whiskers of lithium grew from the lithium
clectrode. When they reached the other electrode, the bat-
tery short-circuited which could lead to an explosion. The fire
brigade had to put out a number of fires and finally threatened
to make the laboratory pay for the special chemicals used to

- extinguish lithium fires.

b

ﬁ‘ .
=

WHISKERS

METALLIC
: LITHIUM
To make the battery safer, aluminium was added to the merallic
Whiskers of lithium form when a battery with

lithium electrode and the electrolyte between the electrodes was pure lithium in th anode is charged, These
changed, Stanley Whittingham announced his discovery in 1976 can short-circuit the battery and cause fires
and the battery began to be produced on a small scale for a Swigs 2" even explosions,

clockmaker that wanted to use it in solar-powered timepieces.

The next objective was to scale up the rechargeable lithium battery so it could power a car. However,
the price of oil fell dramatically in the carly 1980s and Exxon needed to make cutbacks. The develop-
ment work was discontinued and Whittingham’s battery technology was licenced to three different
companies in three different parts of the world. '

However, this did not mean that development stopped. When Exxon gave up, John Goodenough took over.

The oil crisis makes Goodenough interested in batteries

Asa child, John Goodenough had significant problems learning to read, which was one reason why he
was drawn to matl;ematiés and eventually — after World War Two - also physics. He worked for many
years at the Lincoln Laboratory at the Massachusetts Institute of Technology, MIT. While there, he
coneributed to the development of random access memory (RAM) which is still a fundamental compo-
nent of computing, ’
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John Goodenough, like so many other people in the 1970s, was affected by the oil crisis and wanted
to contribute to the development of alternarive sources of energy. However, the Lincoln Laboratory
7 was funded by the US Air Force and did not permit all kinds of research, so when he was offered
. ‘a position as professor of inorganic chemistry at Oxford University in Great Britain, he took the
chance and entered the important world of energy research.

High voltages when lithium ions hide in cobalt oxide

John Goodenough knew about Whittingham’s revolutionary battery, but his specialised knowledge
of matter’s interior told him that its cathode could have a higher potential if it was built using a
metal oxide instead of a metal sulphide. A few people in his research group were then tasked with
finding a metal oxide that produced a high voltage when it intercalated lithium fons, but which did
not collapse when the ions were removed. ' '

This systematic search was more successful than John Goodenough had dared to hope, Whittingham’s
battery generated more than two volts, but Goodenough discovered that the battery with lithium-
cobalt oxide in the cathode was almost twice as powerful, at four volts.

One key to this success was John Goodenough’s realisation that batteries did not have to be manu-
factured in their charged state, as had been done previously. Instead, they could be charged after-
wards. In 1980, he published the discovery of this new, energy-dense cathode material which, despite
its low weight, resulted in powerful, high-capacity batteries. This was a decisive step towards the
wireless revolution.

'um%um /4\,
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BARRIER

Goodenough started to use cobalt oxide in the lithium battery's cathode. This almost doubled the battery's potential and made it
much more powerful,

Japanese companies want lightweight batteries for new electranics

However, in the West, as oil became cheaper, interest paled in invescments in alternative enetgy
technology and the development of electric vehicles. Things were different in Japan; electronics
companies were desperate for lightweight, rechargeable batteries that could power innovative elec-
tronics, such as video cameras, cordless telephones and computets. One person who saw this need
was Akita Yoshino from the Asahi Kasei Corporation. Or as he put it: “I just sort of sniffed out the -
direction that trends were moving. You could say I had a good sense of smell.”
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Yoshino builds the first commercially viable lithium-ion battery

When Akira Yoshino decided to develop a functional rechargeable battery, he had Goodenough’s
lithium-cobalt oxide as the cathode and tried using various carbon-based materials as the anode.
Researchers had previously shown that lithium ions could be intercalated in the molecular layers

in graphite, but the graphite was broken down by the battery’s electrolyte. Akira Yoshino’s eureka
moment came when he instead tried using petroleum coke, a by-product of the oil industry. When
he charged the petroleum coke with electrons, the lithinm ions were drawn into the material. Then,
when he turned on the battery, the electrons and lithium ions flowed towards the cobalt oxide in the
cathode, which has a much higher potential.

The battery developed by Akira Yoshino is stable, lightweight, has a high capacity and produces 2
remarkable four volts. The greatest advantage of the lithium-ion battery is that the ions are interca-
lated in the electrodes. Most other batteties are based on chemical reactions in which the electrodes
are slowly but surely changed. When a lithium-ion battery is charged or.used, the ions flow between
the electrodes without reacting with their surroundings. This means the battery has a long life and
can be charged hundreds of times before its performance deteriorates.

LITHIgION /'g - 4V

ELECTRON

COBALT OXIDE

ELECTROLYTE

BARRIER
PETROLEUM COKE

Akira Yoshino developed the first commercially viable lithium-ion battery. He used Goodenough's lithium-cobalt oxide in the cathade
and in the anode he used a-carbon material, petroleum coke, which ¢an also iatercalate lithium ions. The battery’s functionality is not
based upon any damaging chemical reactions. Instead, the lithium ians flow back and forth between the electrodes, which gives the
battery 2 long life.

Another big advantage is that the battery has no pure lithium. In 1986, when Akira Yoshino was
testing the battery’s safety, he exercised caution and used a facility designed for testing explosive
devices. He dropped a large piece of iron on the battery, but nothing happened. Ilowever, on repeat-
ing the experiment with a battery that contained pure lithium, there was a violent explosion.

Passing safety testing was fundamental to the future of the battery. Akira Yoshino says that this was
“the moment when the lithium-ion battery was botn™.
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The lithium-ion battery - necessary for a fossil fuel-free society

In 1991, a major Japanese electronics company started selling the first lithium-ion barteries, leading
to a revolution in electronics. Mobile phones shrank, computers became portable and MP3 players
and tablets were developed.

Subsequently, researchers around the world have searched through the periodic table on the hunt for
even better batteries, but no one has yet succeeded in inventing something that beats the lithium-
ion battery’s high capacity and voltage. However, the lithium-ion battery has been changed and
improved; among other things, John Goodenough has replaced the cobalt oxide with iron phos-
phate, which makes the battery more environmentally friendly,

Like almost everything else, the production of lithium-ion batteries has an impact on the environ-
ment, but there are also huge environmental benefits. The battery has enabled the development of
cleaner energy technologies and electric vehicles, thus contributing to reduced emissions of green-
house gases and particulates.

Through their work, John Goodenough, Stanley Whittingham and Akira Yoshino have created
the right conditions for a wireless and fossil fuel-free society, and so brought the greatest benefit to
humankind.
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