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Glaciologists and meteorologists described shrinkage
of glaciers in the northern hemisphere in the early
20th century. Warm southerly currents in the atmo-
sphere and in the ocean caused the decrease. Scien-
tists did not advance theories about the causes of the
changes but discussed fluctuations of solar radiation
and changes in trade winds. They encouraged col-
leagues to expand monitoring of glaciers which might
lead to improved understanding and thanks to the in-
terest of physicists, knowledge advanced of the natu-
ral causes of the glacier variations.

Traces of ice ages

An advance in the discussion of global climate change
is traced to the early 19th century. For ages climate
was meant to have been similar although it had shifted
between cold and warm periods it always reached an
equilibrium again, fluctuating around a long-time av-
erage. In the 1840s geologists observed signs indi-
cating that large climate changes had taken place, i.e.
traces of erosion and transport of ice sheets that had
covered continents (Esmark, 1824; Agassiz, 1840;
Wenetz-Sitten, 1861; Tinkler, 1985; Hestmark, 2018).
At the end of the 19th century geoscientists had found
traces of four glacial periods in the Quaternary (the
last 2.5 Ma). Glaciers formed and disappeared during
the interglacials (Penck and Bruckner, 1909).

We can briefly describe how the geologists
reached this understanding. In the 1860s they had
traced glacial moraines far south in mid-Europe,
pushed forward by an inland icesheet flowing from
Scandinavia and glacial erratics which the glaciers left
behind them when they retreated during interglacial
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periods. Later geologists traced glacier variations af-
ter the end of the last glaciation (see De Geer, 1912).
By combining data of glacial sediments and fossils ge-
ologists recognized that the glacial period ended 12
thousand years ago, and glaciers disappeared as the
present interglacial took over.

Signs of lowered sea level indicated that a large
water mass amassed in large icesheets upon land.
The ice masses depressed the Earth’s crust, up to
hundreds of metres. When the ice melted the sea
level rose, up to 120 m, but at higher elevations an-
cient shorelines were observed above the present sea
level. Scientists discovered plant and animal fossils
that lived in climates colder than found in the regions
today, also shells and fish bones in lakes and former
seabed. The organic material was dated by counting
annual tree rings and reference to tephra layers in the
soil. After the 1950s radioactive carbon, C'%, was
applied for the dating. Since the 1960s ancient cli-
mate variations have been traced in ice cores from the
ice sheets of Greenland and Antarctica and deep-sea
sediment cores. The air temperature and the chemi-
cal composition of the atmosphere were traced in air
bubbles and in the oxygen- and deuterium isotopes
of the ice cores and the calcium carbonate shells of
foraminifera, which had fallen on the seabed and were
buried in mud (Emiliani, 1966). The ratio between
the oxygen isotopes in the sea water, which the organ-
isms had absorbed, changed with the temperature of
the sea. Moreover, the glaciologists described glacier
variations during a cold period from the 14th to the
end of the 19th century, named the Little Ice Age.
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Understanding the causes of climate change

After discovering the traces of ice ages, scientist
began discussing their causes, occurring and disap-
pearance. The French astronomer Alphonse Adhémar
(1797-1862) suggested that ice ages were in phase
with changes in the tilt of the earth’s axis of rotation
(Adhémar, 1842). The present tilt is 23.5° but changes
regularly from 21.4° to 24.4° in 41,000 years, see

https://earthobservatory.nasa.gov/features/Milankovitch

The Scot, James Croll (1821-1890) pointed out
the influence of the change in the orbit of the earth
around the sun that changed in 100,000 years from
being almost circular to becoming elliptical. In 1858
the French astronomer Urbian Leverrier had indeed
pointed out that the distance between the sun and the
earth varies throughout the year, winters are slightly
longer in the southern than the northern hemisphere
which he suggested might explain the large ice sheet
of Antarctica. Leverrier and Croll asked whether cool-
ing in the northern hemisphere might trigger feed-
back that led to an ice age. First, ice sheets expanded
and reflection of solar radiation increased. The atmo-
sphere became cooler, snowfall increased leading to
still more collection of snow, and this effect proceeded
with positive feedback. Further the strength of the
solar radiation which falls on the earth changes due
to precession (the change in the direction of the ro-
tational axis of the earth, that in 26,000 years draws
up a circle around the vertical line due to gravitational
forces of the sun and the moon). In 1864, Croll was
the first to discuss the impact of ocean currents and
trade winds on climate.

The Serb Milutin Milankovitch (1879-1958) de-
scribed with mathematical calculations the combined
impact of these astronomical factors (Milankovitch,
1920, 1941). Together with the German Russian me-
teorologist Wladimir Koppen (1846-1940) he con-
sidered how the astronomical variations might cause
long-term climate changes and cause ice ages. When
solar radiation decreased in the northern hemisphere,
leading to colder summers, snow might start to ac-
cumulate and ice sheets and sea ice expand and re-
flection of solar radiation increase (Koppen and We-
gener, 1924). This hypothesis, however, could not
explain why an ice age struck at the same time on
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both hemispheres. The total radiation reaching the
earth remains the same but distributes differently over
the earth’s surface. Scientists were, however, hesitant
and pointed out that that the model predicted more
climate fluctuations than had been detected in sedi-
ments on the earth (Berger, 1988). But after the dis-
covery in the 1970s of more fluctuations in climate in
deep sea sediments in the Pacific Ocean, correspon-
dence improved with model calculations. It became
evident that the four glacial periods, known around
1900 were the latest of fifty glacial periods of the last
ice age. During the last one million years, the tem-
perature had fluctuated regularly in one hundred thou-
sand years periods, where glacial stages were inter-
changed with short warm interglacial periods (when
all three astronomical components acted together). If
this remains, we might expect a cooling climate over
the next twenty thousand years, but man-made pollu-
tion of the atmosphere might change that.

Currently it is held that changes in the strength
of the solar radiation (however small), which Mi-
lankovitch described, initiate long-term changes in
climate and they are magnified by the circulation of
the atmosphere and the ocean, which control the trans-
port of heat and humidity from the equatorial regions
to the polar regions (Thompson, 2021). Astronomi-
cal causes thus were the initiation rather than the full
explanation of the fluctuations between glacial- and
inter-glacial periods. Current understanding implies
that the synchronicity is the result of global CO4 vari-
ations, at times modulated by variations in heat trans-
port by ocean currents (Shakun ez al., 2012).

The atmosphere and the climate of the earth

Objective understanding of the impact of the atmo-
sphere on climate can be dated back to the early
19th century. In 1824 the French physicist and math-
ematician Jean-Baptise Joseph Fourier (1768-1839)
pointed out that the atmosphere must cause the earth’s
climate to be warmer than would be expected if it
was controlled by the solar radiation alone (which he
called the bright radiation) (Fourier, 1824). The en-
ergy from the sun reached easily through the atmo-
sphere where it warmed up the earth’s surface but
the radiation from the warm earth (dark, discovered

JOKULL No. 74, 2024



around 1800, now called infra-red) could not get un-
hindered up through the atmosphere. The atmosphere
managed to retain some of the heat energy and acted
like a warm cover around the earth. Fourier did not
talk about the impact of the chemical composition of
the atmosphere on the heat exchange, but he consid-
ered water vapour to be important.

In 1856 the American scientist Eunice Newton
Foote (1819-1888) demonstrated with experiments
that radiation from the sun warmed air inside a closed
tube, saturated by carbon dioxide or water vapour,
more than if it contained dry air or hydrogen (Foote,
1856). Foote was therefore the first to point out the re-
lationship between the concentration of atmospheric
gases and the earth’s climate. But in her days, she
was best known as a suffragette and a painter.

The Irish physicist John Tyndall (1822-1893)
demonstrated by spectrometry (in 1859, supposedly
without knowing the work of Foote (Jackson, 2019))
that water vapour and carbon dioxide absorbed most
of the heat radiation from earth (Tyndall, 1861).
Therefore, these two gasses controlled mostly the
temperature of the atmosphere, the water vapour two
to three times more than carbon dioxide. Without the
water vapour in the atmosphere the sun would rise
each day above a cold and frozen earth. John Tyn-
dall was a pioneer in glaciology, an author of a book
on glaciers in the Alps and a renowned alpinist. He
described the flow of glaciers, and he knew that thick
glaciers had once covered lands in Europe.

Foote and Tyndall suspected that the concentra-
tion of carbon dioxide in the atmosphere had in-
creased due to burning of coal after the beginning
of the industrial revolution and that might have led to
climate warming. They considered this beneficial for
the growth of plants and increased food production.
In the cold years of the 19th century there was greater
concern that cold times might be ahead. Many ques-
tioned that one type of gas could cause considerable
climate change. It was first in the mid-20th century
that anybody began seriously to discuss whether hu-
man beings might cause harmful warming of the earth
by burning coal.
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Models of the impact of carbon dioxide on
climate

Just before 1900 the Chemical Society of Stockholm
(Kemistsamfundet) regularly discussed the causes of
ice ages. They focused on the impact of chemi-
cal changes in the atmosphere on climate, mainly on
carbon dioxide because its concentration could have
changed over a long time due to chemical interac-
tion between rock, ocean, atmosphere, and the bio-
sphere. The geologist Arvid Gustaf Hogbom (1857—
1940) published a paper describing long-term secular
changes which had taken place in the atmosphere dur-
ing past historical times of the earth (Hogbom, 1894).
He described how carbon dioxide was bound in sedi-
mentary layers and plants, and he described how the
ocean absorbs carbon dioxide; also, how the weath-
ering of rocks and volcanic activity could add carbon
dioxide to the atmosphere. He expected that the con-
centration of carbon dioxide in the atmosphere might
have fluctuated, even become several times higher but
also lower than today. Hogbom pointed out that in-
creased concentration of carbon dioxide due to burn-
ing of coal since the beginning of the industrial revo-
lution had already become equal to what it could have
been in previous times due to natural processes.

In 1899 the American geologist Thomas Chrow-
der Chamberlin (1843-1928) published a comprehen-
sive paper on the circulation of carbon dioxide on the
earth, in the oceans and the atmosphere, both dur-
ing times of glaciation and interglacials (Chamberlin,
1899). He advanced hypotheses of how the concen-
tration of carbon dioxide in the atmosphere fluctuated,
how it diminished during glacial periods when the sea
ice blocked the oceans but evaporated to the atmo-
sphere when the sea ice disappeared. The meteorolo-
gist Nils Gustaf Ekholm (1848-1923) presented in the
Chemical Society of Stockholm (1893 and 1899) as-
tronomical and meteorological conditions that might
cause ice ages. Ekholm held that longtime astronom-
ical fluctuations in radiation could not cause ice ages
(Ekholm, 1901).
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From top left: James Croll (1821-1890), Milutin Milankovitch (1879-1958), Jean-Baptiste Joseph Fourier (1768-1839),
John Tyndall (1822-1893), Eunice Newton Foote (1819-1888), Svante Arrhenius (1859-1937), Arvid Gustaf Hogbom
(1857-1940), Nils Gustaf Ekholm (1848-1923), Thomas Chrowder Chamberlin (1843—-1928), Knut Johan Angstrﬁm (1857-
1910), Guy Stewart Callendar (1898-1964), Gilbert Norman Plass (1920-2004), Hans Suess (1909-1993), Roger Revelle
(1909-1991), Bert Bolin (1925-2010), Erik Eriksson (1917-2019), Charles David Keeling (1928-2005) and Syukuro Man-
abe (1931-). Brautrydjendur ad skilningi d peetti andriimslofts ¢ vedurfari d jordinni, orsokum isalda og gero likana um
pdtt koltvisyrings i orsékum isalda. Fredimenn sem lystu tregri upptoku koltvisyrings i hafinu.
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Following the lectures and the papers of Hogbom
and Ekholm the chemical physicist Svante Arrhenius
(1859-1937) published a model calculating changes
in the concentration of carbon dioxide in the atmo-
sphere and the radiation energy reaching the surface
of the earth (Arrhenius, 1896, 1901, 1903). He esti-
mated that if the concentration declined by 50%, the
temperature on the surface of the earth would be low-
ered by 4-5°C on the average over all latitudes, but
that was the same as the cooling during the last glacia-
tion compared with the present climate. Doubling the
concentration of carbon dioxide could on the other
hand increase the temperature by 5°C. Arrhenius ex-
pected the concentration of carbon dioxide to influ-
ence both the temperature and humidity in the atmo-
sphere. By lowering the concentration cooling would
take place, evaporation of water diminishes, humidity
tends to decline in the air, rain and snowfall increase.
Even a minor cooling might start such a feedback and
initiate an ice age in the northern hemisphere. In con-
trast increased concentration of carbon dioxide might
lead to global warming and water vapour to remain
high in the atmosphere — a gas that has the largest
impact on keeping the air warm. Further, Arrhenius
(1903) pointed out that the burning of fossil fuel in
industry might increase the concentration of carbon
dioxide in the next few centuries.

Arrhenius assumed that the strength of infra-red
radiation from the earth was comparable to that from
the moon (a satellite without an atmosphere), as mea-
sured by the American astronomer Samuel Pierpoint
Langley (1834-1906) (Langley, 1889). Arrhenius es-
timated how such radiation decreased with increased
water vapour and carbon dioxide in the atmosphere.
Gustaf Ekholm supported the theory of Arrhenius and
suggested that changes in the concentration of carbon
dioxide in the atmosphere were much more influential
for climate than long-term fluctuations in the solar ra-
diation reaching earth. Ekholm (1901) described su-
perbly why infrared radiation from the earth did not
easily pass through the atmosphere but reflected from
every single warm and humid layer and did not es-
cape out to space until reaching cold layers on the
top of the atmosphere, where the air was thinner and
colder than closer to the earth’s surface. The atmo-
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sphere could not be looked at as a single slab. Fur-
ther Ekholm reckoned that humankind might in the
future regulate climate by controlling the concentra-
tion of carbon dioxide in the atmosphere. He initiated
storm warnings in Sweden. Ekholm was the leader of
the Swedish expedition to Svalbard in the first Inter-
national Geophysical Year 1882—-1883. He intended
to join the polar expedition of Salomon August An-
dreé (1854—-1897) in 1897 which aimed at reaching
the north pole but withdrew from that because of dis-
agreement about the safety of the air balloon.

The physicist Knut Johan Angstrém (1857-1910)
criticized the model of Arrhenius and believed that
water vapour and carbon dioxide absorbed infra-red
radiation on the same wavelengths. Carbon dioxide
would add little to what water vapour had already
absorbed (Angstrom 1900, 1901). The critique of
Angstrém was significant for the acceptance of Arrhe-
nius’ theory. Most scientists thought increased con-
centration of carbon dioxide in the atmosphere would
not lead to global warming (e.g. Brooks, 1926; Simp-
son, 1938-40). Meteorologists also pointed out that
the model of Arrhenius was a great simplification of
the complicated transport of heat around the world,
because it dealt only with radiation but not how cloud
cover would change due to warming. Clouds could
affect the temperature of the atmosphere because they
reflect solar radiation and that leads to cooling. On the
other hand they absorb infrared radiation and thereby
cause warming. However, this impact was limited be-
cause the water vapour condenses and falls to the earth
as precipitation. No processes can continuously in-
crease the water vapour in the atmosphere because its
content in the atmosphere is the same as the precipita-
tion that falls on the earth in one week. Water vapour
is the only gas in the atmosphere that can become fluid
on the earth.

Scientists pointed out that the model of Arrhenius
did not deal with transport of heat by the oceans and
air masses. Furthermore, his model did not describe
the flow of heat to the upper atmosphere. Nor did
it account for the fact that the ocean and vegetation,
forests, and mires, could absorb the gases from the at-
mosphere. Throughout earth’s history equilibrium has
been reached in the global circulation of substances
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and energy between the spheres of the earth. And
many expected that would continue. During the mid-
20th century, it was even suggested that radioactive
waste from nuclear power plants might be dumped
into the ocean.

Just before the start of the Second World War
the British engineer Guy Stewart Callendar (1898-
1964) again took up the discussion of the theory of
Arrhenius (Callendar, 1938). Seven years before that
the American physicist Edward Olson Hulburt (1890-
1982) supported the theory that decreased concentra-
tion of carbon dioxide in the atmosphere might have
caused ice ages (Hulburt, 1931). Callendar compiled
records of air temperature worldwide after 1885 and
concluded that they clearly showed warming and that
agreed with model computations of warming on the
earth due to increased concentration of carbon diox-
ide, which he considered to have been 10% over the
last 50 years (Callendar, 1958, 1961). However, most
meteorologists still questioned the idea that a single
gas could cause climate change.

After 1940 the accuracy of spectrometry advanced
and it became evident that there was not a full over-
lapping of the absorption of water vapour and carbon
dioxide. The Canadian Gilbert Norman Plass (1920—
2004) collected in 1955 results of computer models of
radiation in the atmosphere, described the properties
of each layer in the atmosphere and explained that in
the highest levels of the atmosphere water vapour had
little influence on the absorption of radiation (Plass
1956a,b,c,d; 1959). Plass argued that it was obvious
that with increased amount of carbon dioxide in the
atmosphere, less and less infrared radiation escaped
from the earth. He estimated that in the 20th century
temperature would increase by 1 °C, if the concentra-
tion of carbon dioxide increased by 50%, but 3,6 °C
if it doubled.

Now scientists directed their attention to the
global carbon cycle. First, the flux between the atmo-
sphere and the sea and second, the mixing of chemi-
cals with ocean currents (Weart, 2024). One of those
who lead these studies was the American oceanog-
rapher Roger Revelle (1909-1991), the head of the
Scripps Institute of Oceanography in California. Rav-
elle did research work for the US Army during the
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cold war. In those years people became increasingly
concerned about pollution from radioactive disposal
and distribution of radioactive material from nuclear
bombs. In 1955 the research team of Revelle reported
that radioactive material from sub-sea nuclear explo-
sions did not dilute in the sea but collected in a thin
surface layer of the ocean. A new technique was then
available for dating by radioactive C'#. The Austrian-
American chemist Hans Suess (1909-1993) published
results that indicated that the proportion of radioac-
tive and non-radioactive isotopes of carbon in the at-
mosphere had changed (Suess, 1953). The radioac-
tive isotope C'* continuously forms high in the atmo-
sphere when cosmic radiation collides with nitrogen
atoms, N. Suess was working on dating of trees by
comparison of the number of annual tree rings and
the concentration of radioactive C* in the trees. He
also reported the ratio between the C4 isotope and the
non-radioactive isotopes C'? and C'3. This ratio has
changed with time. The younger the trees, the higher
the ratio of old non-radioactive carbon in them. He
concluded that due to burning of fossil fluid, the con-
centration of non-radioactive carbon had increased in
the atmosphere. Vegetation, buried in the earth over
many millions of years became coal and oil, by which
time it had lost all its radioactivity. This technique the
scientists now wanted to apply to study how carbon
dioxide dissolved in shallow water and how it mixed
in the entire sea. When the partial pressure of car-
bon dioxide in the sea increases, the sea water reacts
and becomes more acidic and releases carbon dioxide.
The residence time of atmospheric carbon dioxide in
the ocean was unknown. Moreover, knowledge about
ocean mixing was limited. The experience gained
from sub-ice nuclear bombs indicated that radioac-
tive isotopes could remain for years and mix slowly
into the deeper sea. Using carbon C'4 measurements
it could be concluded that the mean dwelling time of
carbon in the atmosphere was ten years until it diluted
into seawater. On the other hand, it would take hun-
dreds of years for the carbon to spread over the entire
ocean. However, in general it was believed that the
oceans could absorb all the carbon dioxide emitted to
the atmosphere from industry in the future. Mankind
did not need to worry that increased input of carbon
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dioxide to the atmosphere changed the climate. At the
same time scientists were aware that the concentration
of carbon dioxide did actually increase in the atmo-
sphere. Revelle had reservations. Even though the sea
absorbed more carbon dioxide from the atmosphere it
reacts against the acidification and delivers the carbon
dioxide back to the atmosphere. The concentration of
carbon dioxide in the atmosphere controls the concen-
tration in the sea, not vice versa. Revelle pointed out
this difficulty in a conference in 1957 but did not men-
tion this in a paper he wrote in the same year (Revelle
and Suess, 1957; Weart, 2024). There he wrote “Hu-
man beings are now carrying out a large-scale geo-
physical experiment of a kind that could not have hap-
pened in the past nor be reproduced in the future.”

Two years later the Swedish meteorologists Bert
Bolin (1925-2010) and Erik Eriksson (1917-2019)
explained finally why salt sea reluctantly absorbs car-
bon dioxide from the atmosphere (Bolin and Eriksson,
1959 a,b). They showed that rapid mixing between the
atmosphere and the sea took place only in the upper-
most 2% of the ocean. Since then, it has been clear to
scientists that one could not rely on the oceans to be
able to absorb fast enough the increased production of
carbon dioxide from industry. The residence time of
carbon dioxide and methane in the atmosphere is so
long that their impact on the longwave radiation from
the earth would last in the atmosphere over a hundred
years, even though it was possible to stop their in-
put. Today the resistance of sea water to absorb the
increased input of carbon dioxide is described by the
Revelle factor, in honour of Revelle. Revelle also ini-
tiated reliable measurements of carbon dioxide in the
atmosphere. C. D. Keeling (1970) developed new pre-
cise techniques for the task.

In the International Geophysical Year 1957,
regular measurements of the concentration of car-
bon dioxide in the atmosphere were initiated in
Antarctica and on Mauna Loa, Hawaii, in the Pa-
cific Ocean, far away from pollution by indus-
try. Soon it became evident that the concentra-
tion of carbon dioxide increased every year (Keel-
ing, 1970). Before the beginning of the industrial
revolution, it was 280 ppm but in 2024 it reached
about 427 ppm on Mauna Loa (Keeling et al., 1976;
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https://arctic-news.blogspot.com/2024/08/carbon-
dioxide-growing-rapidly.html).

Bert Bolin emphasized international collaboration
on the cause of global warming (Bolin, 2007). In 1988
he became the first chairman of the Intergovernmental
Panel on Climate Change (IPCC) which was awarded
the Nobel Peace Prize in 2007 “for efforts to build and
disseminate greater knowledge about man-made cli-
mate change, and to lay the foundations for the mea-
sures that are needed to counteract such change.”

In the 1960s climate models appeared, which
combined ocean and the atmosphere of the entire
world (Manabe and Wetherland, 1964; Manabe and
Strickler, 1967; Manabe and Bryan, 1969). The mod-
els described accurately how augmented concentra-
tion of carbon dioxide causes warming so evaporation
increases because warm air can contain additional hu-
midity. With increased water vapour the air temper-
ature rises (named Water vapour feedback). For the
contribution to this research the Japanese—American
physicist Syukuro Manabe received the Nobel Prize
in Physics in 2021.

Final remarks

The simple model of Arrhenius, describing the influ-
ence of carbon dioxide on climate, pointed out the
impact of air pollution caused by burning fossil fu-
els. Arrhenius himself did not predict any substantial
warming of the atmosphere; he did not know about
the increasing rate of carbon dioxide injected to the
atmosphere that took place after the second world war
by increased burning of fossil fuels.

The contribution of glaciologists to the research
on climate change has been significant. The shrink-
ing of glaciers all over the earth is one of the clearest
indications of global warming. This became obvious
after the 1980s. Transport of heat over the globe in-
creased, both in the atmosphere and the ocean, from
low latitudes to polar regions. The westerlies moved
closer to the polar regions. Extremes in weather be-
came more frequent, including heat waves and floods
and meteorological records were broken. At that time
shortage of meteorological observations caused some
doubts whether observed warming was similar in all
seasons, global or limited to specific regions.
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After 2010 it became obvious that sea ice in the
northern hemisphere was melting faster than it had
done for ten thousand years. The transport of heat
over the globe, both in the air and the sea, from tropi-
cal regions toward the polar regions changed remark-
ably from what it had been before. Snow melted ear-
lier in the spring and fell later in the autumn. The re-
flection of solar radiation from the surface of the earth
decreased, dark land emerged when snow melted and
glaciers retreated. Autumns became warmer, as did
winter and springs. Along the coasts of Euro-Asia
and Alaska sea ice diminished in the autumn. Sea
ice disappeared during the summers and the ocean
received increased solar radiation. Summer solar ra-
diation warmed up the sea. All this has caused two
to three times greater warming in the polar regions
than in other parts of the earth. In that respect we can
explain the warming of the polar regions reported by
Hans Ahlmann early in the 20th century, now called
arctic amplification (cfr. Bjornsson, 2023).

After 2000 shrinking of glaciers accelerated in
Greenland and West-Antarctica. The rate of sea level
rise was 4.5 mm/a in 2023 and half of it is due to
melting of glaciers (Hamlington et al., 2024). Rising
sea level is one of the most alarming consequences
of global warming. Because of warmer air and ocean
temperature, melting of the ice shelves calving from
West Antarctica and Greenland has increased. The
main contributor is West Antarctica where ice shelves
may become unstable (Mercer, 1978; Joughin and Al-
ley, 2011) and disintegrate as sea level rises. The bed
slopes inland and with a rise in sea level, larger part
of the shelfs floats up and the buttressing against flow
from the inland ice sheet diminishes. Scientists have
suggested that the melting of ice in West Antarctica
may elevate global sea level by 60 cm by 2100 and
3 m before 2200. This would have frightening im-
pacts in all coastal areas across of the globe.

Saga hugmynda um loftslagsbreytingar
1820-2020
Jokla- og vedurfreedingar lystu ryrnun jokla 4 nordur-
sl6dum & fyrrihluta 20. aldar. Hlyir sudranir straum-

ar { lofti og {1 sj6 toldust orsakavaldar. Pessir fradi-
menn settu ekki frekar fram kenningar um orsakirnar,

78

en reddu um sveiflur { geislunarstyrk sélar og breyt-
ingar 4 vindattum. Peir hvottu til joklamalinga, sem
leitt gatu til skilnings, og fyrir tilstudlan edlisfraed-
inga, sem fengu dhuga 4 mdlinu, jokst skilningur 4
nattiruoflunum, sem parna voru ad verki.

Spor isalda

Til 6ndverdrar nitjandu aldar ma rekja pattaskil 1 um-
redu um loftslagsbreytingar 4 jordinni. Fyrir pann
tima var talid, ad loftslag hefdi verid svipad fra or-
6fi alda. Pétt pad hefdi sveiflast milli kaldra og hlyrra
timabila nadi pad dvallt jafnvegi 4 ny; sveifladist til
langs tima um stodugt medaltal. A fj6rda dratugi 19.
aldar fundu jardfradingar hins vegar visbendingar um
ad miklar breytingar hefdu ordid 4 loftslagi 4 jorod-
inni, spor fundust eftir rof og framburd 16ngu hort-
inna jokulbreida, sem hofou legid yfir meginlondum
(Esmark, 1824; Agassiz, 1840; Venetz-Sitten, 1861;
Tinkler, 1985; Hestmark, 2018). Undir lok 19. aldar
toldu jardvisindamenn sig jafnvel hafa fundid merki
um fjogur jokulskeid 4 kvartertima (s.1. 2,6 milljénum
ara). Miklir joklar hefou pa ordid til, en sidan horfid 4
hlyskeidum (Penck og Bruckner, 1909).

Rekja ma { stuttu mali, hvernig jardfredingum
tékst ad odlast pennan skilning. A sjotta ratug
19. aldar h6fdu peir rakid jokulgarda langt sudur til
mid-Evrépu, sem isbreidur hofdu ytt fram og fundid
grettistok eda villugrjét (e. glacial erratics), sem jokl-
ar skildu eftir sig, pegar peir hopudu 4 hlyskeidum.
Sidan roktu menn sogu loftslags- og joklabreytinga
fra sidasta jokulskeidi (de Geer, 1912). Med pvi ad
tengja saman gogn um jokulset og steingervinga vard
peim 1j6st, ad jokulskeidi lauk fyrir 12 pisund drum,
joklar hurfu, og vid tok hlyskeid, sem stendur enn.

Spor sdust um, ad sjavarbord hefdi lekkad. Pad
benti til pess, ad stér hluti vatns 4 jordinni hefdi fyrr-
um safnast { miklar isbreidur uppi 4 fastalandi. Farg
fssins prysti landinu nidur, jafnvel hundrud metra.
begar is leysti, haekkadi sjavarbord, allt ad 120 m,
en 4 svedum, par sem land reis harra, sdust forn
fjorumork 4 strandsvedum hatt yfir ndverandi sjav-
armali. Jardfredingar fundu steingerdar plontu- og
dyraleifar, sem finnast adeins vid kaldara loftslag en
er nd 4 pessum somu slé6dum, einnig skeljar og fisk-
bein { stoduvotnum og 4 landi, sem adur var sjdvar-

JOKULL No. 74, 2024



botn. Aldur lifrenu leifanna greindist med talningu
arhringa { trjdm og fjolda setlaga, sem jokular hofou
borid fram hvert sumar, auk greininga 4 frjékornum
og hlidsjonar af dskuldgum { jardvegi. Frd midri 20.
0ld hefur aldur einnig verid metinn med geislakols-
melingum. Pannig aldursgreindust { jardlogum spor
eftir @ fleiri loftslagssveiflur.

Upp dr 1960 urdu enn timamét i rannséknum,
pegar unnt vard ad lesa fornloftslag dr borkjornum
frd Granlandsjokli, joklum 4 Sudurskautslandi og 1
djiphafsseti { Kyrrahafi. Hitastig og efnasamsetn-
ing andrdmslofts voru greind 1 loftb6lum og sdrefnis-
og vetnissamsatum { jokulis og kalkskeljum gotunga,
sem féllu 4 sjdvarbotn og gréfust par 1 ledju (Emili-
ani, 1966). Hlutfall sirefnissamsata { sjo, sem lif-
verur toku upp, breyttist med hitastigi sjavar. Einnig
konnudu peir joklabreytingar 4 kuldaskeidi, sem st6d
fra 14. 6ld fram til loka 19. aldar og nefnist litla {sold.

Skilningur 4 loftslagsbreytingum

begar spor eftir fsaldir fundust, héfst umreda um
orsakir peirra, hvad gaeti skyrt, ad {saldir kemu
og feru. Bent var 4, ad {saldir getu tengst haeg-
fara breytingum {i styrk soélgeislunar, sem berist
til jardar. Frakkinn Alphonse Adhémar (1797-1862)
varpadi fram beirri tilgdtu &rid 1842, ad f{saldir
veru { takt vid breytingar 4 mondulhalla jardarinn-
ar (Adhémar, 1842). Hallinn er nd 23,5°, en breyt-
ist reglulega fra 21,4° til 24,4° 4 41.000 éra fresti.
Sja t.d. https://www.stjornufraedi.is/solkerfid/jordin/
og https://earthobservatory.nasa.gov/features/Milan-
kovitch

Skotinn James Croll (1821-1890) benti arid 1864
4 ahrif pess, ad logun sporbrautar jar0ar breytist 4
100.000 drum fra pvi ad vera ner hringlaga { ad verda
spordskjulaga (Croll, 1864). Reyndar hafdi franski
stjornufreedingurinn Urbian Leverrier pegar 1yst pessu
arid 1858 og haldid pvi fram, ad jord veri pvi mis-
munandi nerri sélu, vetur veru orlitid lengri 4 sud-
urhveli en nordurhveli, sem gati skyrt hina miklu
isbreidu 4 Sudurskautslandinu. Croll spurdi einnig,
hvort kélnun 4 nordurhveli kemi af stad kedjuverk-
un, sem ylli is6ld. T fyrstu steekkudu isbreidur, en par
med ykist endurkast sélgeislunar fra yfirbordi jardar.
Vid pad kélnadi andrimsloft, og aukinn snjor félli,
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sem svo ylli enn frekari snjésofnun, og ferlid héld-
ist eftir pad vid med sjalfstyringu. Auk pess breyttist
stefna monduls jardar vegna mondulveltu (precessi-
on) jardarinnar, par sem mondullinn ritadi hring um
stefnu 160linu 4 sporbaug jardar 4 26.000 arum likt
og skopparakringla, sem spinnst eftir gélfi (vegna ad-
dréttarafls sélar og tungls), og vid pad breyttist styrk-
ur sélgeislunar, sem félli 4 yfirbord jardar. Croll var
einnig manna fyrstur til pess ad reda mikilvaegi haf-
strauma, ahrif peirra 4 loftslag og hvernig peir eru
tengdir stadvindum.

Serbinn Milutin Milankovitch (1879-1958) syndi
med utreikningum samanlogd ahrif pessara patta
(Milankovitch, 1920, 1941). Pysk-rissneski ved-
urfredingurinn Wladimir Koppen (1846-1940) og
Milankovitch settu sidan fram pd kenningu, ad peir
gatu valdid langvinnum breytingum og orsakad fsald-
ir. Pegar draegi dr sélgeislun 4 nordurhveli, svo ad
sumur par yrdu kold, geti snjor tekid ad safnast fyrir,
jokulbreidur og hafis vaxid og aukinn hluti sélgeisl-
unar endurvarpast (Koppen og Wegener, 1924). Pessi
tilgata skyrir p6 ekki, hvers vegna 1sold er samtimis
4 badum polsvaedunum. Heildargeislun, sem berst til
jardar, helst hin sama, en htin dreifist mismunandi um
jardaryfirbord. Pegar annar helmingur hnattarins fer
minni geislun, pad fer hinn aukna. Fraedimenn téku
reikningunum félega, peir bentu til pess, ad loftslag
hefdi sveiflast oftar en greint hafdi verid { jardlog-
um. Pegar ummerki um fjolmargar loftslagssveiflur
fundust { djaphafsseti Kyrrahafsins 4 7. aratug 20. ald-
ar, sast hins vegar gott samremi vid likanreikninga
Milankovitch og kenninga hans og Koppens (Berger,
1988). P4 vard ljést, ad jokulskeidin fjogur, sem kunn
voru um aldamétin 1900, voru adeins pau sidustu af
50 kuldaskeidum {saldar. Greinilega kom fram, ad
sidustu milljén ar hefur hitastig sveiflast reglubundid
4 100 pusund ara fresti, kuldaskeid skiptast 4, rofin af
stuttum hlyskeidum (pegar allar prjar stjarnfredilegu
sveiflurnar verka saman). Gangi pad enn eftir, matti
@tla, ad kélni 4 nastu 20 pisund drum, en mengun
mannkyns 4 andrimslofti geti pé breytt pvi.

Nu er haldid, ad sveiflur i styrk sélgeislunar
(pott litlar séu), sem Milankovitch lysti, setji af
stad langvinnar loftslagsbreytingar, og per magnist
vid hringras loft- og hafstrauma, sem styra flutningi
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varma og raka fra jardarmidju til pdlsveda. Stjarn-
fredilegar orsakir séu upphaf frekar en full skyring
4 sveiflum kulda- og hlyskeida (Thompson, 2021).
Fleira pyrfti til pess ad skyra, hvers vegna fsaldir vaeru
samtimis 4 bAdum heimshvelum. Er ni talid ad flutn-
ingur varma med hafstraumum radi par mestu (Shak-
un og fl., 2012).

Lofthjipurinn og vedurfar jardar

Skilning edlisfreedinga 4 dhrifum lofthjips jardar 4
vedurfar m4 einnig rekja til 19. aldar. Arid 1824 benti
franski edlis- og sterdfredingurinn Jean-Baptiste
Joseph Fourier (1768-1839) 4, ad andrtimsloftid hlyti
ad valda pvi, ad hlyrra veri 4 jordinni en @tla matti,
ef sélgeislun (sem hann kalladi bjarta geislun) rédi
pvi ein (Fourier, 1824). Asteduna taldi hann vera pa,
ad sélarorka kemist audveldlega { gegnum andrims-
loftid og vermdi yfirbord jardar en geislun fra hlyrri
jordinni (myrk geislun, uppgotvud um 1800, nd nefnd
innraud) kemist ekki greidlega upp i gegnum and-
rimsloftid it { geiminn. Lofthjipurinn nedi ad halda
i varmaorkuna og verkadi sem hly dbreida utan um
jordina. Fourier reeddi ekki um efnasamsetningu and-
rumslofts 1 pessum varmaskiptum, en hann taldi, ad
vatnsgufa { andrdmslofti rédi miklu um hitastig pess.
Um midja 19. 6ld syndi bandariski visindamadur-
inn Eunice Newton Foote (1819—1888) med tilraun-
um, ad geislun fra sol hitadi loft 1 lokudu rori mett-
ad koltvisyringi eda vatnsgufu meira heldur en purrt
loft eda loft med vetni (Foote, 1856). Foote var pvi
fyrst til ad benda 4 tengsl styrks efna { andrimslofti
og loftslags jardar. Kunnust var hin pé 4 sinum tima
sem kvenréttindakona (suffragetta) og listmélari.
Trski edlisfreedingurinn John Tyndall (1822-1893)
syndi med litréfsmalingum (arid 1859, vaentanlega
an pess ad pekkja verk Foote (Jackson, 2019)), ad
af gastegundum { andrdmslofti dregju vatnsgufa og
koltvisyringur mest til sin af varmageislun fra jordu;
pau na&du ad fanga mestalla geislun fra innraudum
bylgjulengdum og veru 4 pann hatt 6gegnsa (Tyndall,
1861). Pessar tver gastegundir rédu pvi mestu um,
hvert hitastig andrimsloftsins veri, - og vatnsgufan
tvisvar til prisvar sinnum meira en koltvisyringurinn,
ad hans mati. An vatnsgufu { andrimslofti risi sél
hvern dag yfir helfrosinni jord. John Tyndall var frum-
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herji 1 joklafraedi, hofundur rits um jokla i Olpunum
og frekinn fjallgobngumadur. Hann reddi um hreyf-
ingu jokla, og honum var vel kunnugt um pykka jokla,
sem pakid h6fdu nyrstu 16nd Evrépu.

Foote og Tyndall vissu, ad koltvisyringsstyrkur {
andrimslofti hafdi aukist vid kolabrennslu allt fr4 idn-
byltingu, og ad koltvisyringur gati valdid jardarhlyn-
un. Pau t6ldu, ad petta keemi sér vel fyrir voxt plantna
og yki fedu fyrir mannkynid. A koldum drum 19.
aldar h6fdu menn pé dhyggjur af pvi, ad framundan
veri kuldaskeid. Flestum bétti, ad ein gastegund ylli
ekki tiltakanlegum loftslagsbreytingum. Pad var ekki
fyrr en um midja 20. 61d, ad menn téku ad reda af al-
voru, hvort mannkynid kynni ad valda skadlegri hlyn-
un jardar med kolabrennslu.

Likon um éhrif koltvisyrings 4 loftslag

Rétt fyrir aldamétin 1900 var mikil umreda um or-
sakir fsalda { Efnafredifélagi Svipjédar (Kemistsam-
fundet). Athygli beindist ad breytingum i efnasam-
setningu andrdmslofts og 4 loftslag, einkum koltvi-
syrings, vegna pess ad styrkur hans geti hafa breyst
4 1ongum tima vid efnahvorf milli bergs, hafs, lofts
og lifrikis. Jard0fredingurinn Arvid Gustaf Hogbom
(1857-1940) birti grein um langvinnar og hegvirk-
ar breytingar, sem ordid hefdu 4 koltvisyringsstyrk {
andrimslofti 4 timaskeidum jardsdgunnar (Hogbom,
1894). Hann greindi frd pvi, ad koltvisyringur veri
bundinn { setlogum og plontum, og haf dregi hann
til sin; einnig hvernig vedrun bergs og eldvirkni
beru koltvisyring til andrdmsloftsins. Hogbom taldi
ad koltvisyringsstyrkur andrdmsloftsins hefdi sveifl-
ast verulega, jafnvel ordid margfalt meiri og einnig
minni en nd. Hogbom benti 4, ad aukinn koltvisyr-
ingsstyrkur vegna brennslu kola fra upphafi ionbylt-
ingar veeri pegar ordinn jafn pvi, sem hann gati 4dur
hafa verid af nattirulegum orsokum.

Arid 1899 ritadi bandariski jardfrzdingurinn
Thomas Chrowder Chamberlin (1843—1928) itarlega
grein um hringrds koltvisyrings 4 jordinni, { hafi og
lofti, bedi 4 jokulskeidum og hlyskeidum (Cham-
berlin, 1899). Hann setti fram tilgatur um sveiflur
i koltvisyringsstyrk andrdmsloftsins, hvernig styrk-
urinn minnkadi 4 jokulskeidum, pegar koltvisyring-
ur { hafi veri lokadur undir haffs, en leitadi upp til
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andrumsloftsins, pegar hafis hyrfi, og pad flytti fyr-
ir hlynun. Vedurfredingurinn Nils Gustaf Ekholm
(1848-1923) kynnti { Efnafradifélagi Svipjédar (1893
og 1899) stjarnfredilegar og vedurfraedilegar adsted-
ur, sem getu hafa valdid i{s6ldum. Hann taldi lang-
timasveiflur { sélargeislun ekki medal peirra (Ekholm,
1901).

[ framhaldi af fyrirlestrum og greinum Hogboms
og Ekholms birti edlisefnafreedingurinn Svante Arr-
henius (1859-1927) likanreikninga um breytingar {
styrk koltvisyrings 1 andrimslofti og orku geislunar,
sem berst ad yfirbordi jardar (Arrhenius, 1896, 1901,
1903). Arrhenius taldi, ad helmingadist styrkur kolt-
visyrings, geeti hitastig yfirbords jardar lekkad um 4-
5°C ad jafnadi yfir allar breiddargradur jardar, en pad
veri jafnt peirri k6lnun frd niverandi loftslagi, sem
ordid hefdi 4 sidasta jokulskeidi. Tvofoldun koltvisyr-
ingsstyrks geti hins vegar haekkad hitastigid um 5°C.
Arrhenius dleit ad styrkur koltvisyrings geeti bedi haft
dhrif 4 hitastig og raka { andrimsloftinu. Vid lagri
styrk kélnadi, uppgufun vatns minnkadi, raki héldist
sidur { lofti, rigning og snjékoma ykjust, fannbreidur
stekkudu, og jordin varpadi frd sér & meiru af sél-
geisluninni, svo ad enn kélnadi. Jafnvel litil kélnun
geeti sett kedjuverkun af stad og valdid {sold. Arr-
henius hélt, ad pétt likan hans veri einfalt, hefdi hann
bent 4 meginatridi, sem skyrdu komu {salda & nordur-
hveli jardar. A hinn béginn gati ordid hnattraen hlyn-
un vid aukinn styrk koltvisyrings og vatnsgufa hald-
ist mikil { andrdmslofti, -lofttegund, sem rédi mestu
um, hve hlytt loft veeri. P4 gat hann (1903) pess, ad
brennsla mannkyns 4 jardefnaeldsneyti vegna idnad-
ar geeti aukid styrk koltvisyrings markvert 4 nokkrum
hundrudum é&ra.

Arrhenius reiknadi med pvi, ad styrkur innraudr-
ar geislunar fré jordinni veri svipadur og frd tunglinu
(hnetti an lofthjips), en hana hafdi bandariski stjornu-
fredingurinn Samuel Pierpoint Langley (1834—1906)
melt fra fullu tungli (Langley, 1889). Arrhenius mat,
hvernig slik geislun dofnar vid aukinn loftraka { and-
rimslofti jardar. Gustaf Ekholm studdi kenningu Arr-
heniusar og taldi, ad breytingar 1 styrk koltvisyrings {
andrumslofti veeru mun dhrifameiri en langtima sveifl-
ur { sélgeislun, sem beerist til jardar. Ekholm (1901)
ttskyrdi vel, hvers vegna innraud geislun fra jorou
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etti ekki greida leid upp { gegnum andrimsloftid,
heldur endurvarpadist hin fra hverju hlyju og réku
laginu af 60ru og slyppi ekki ut { geim fyrr en fra
16gum efst 1 lofthjipnum, par sem loft er pynnra og
kaldara, en ner yfirbordi jardar. Ekki meetti lita 4 and-
rimsloftid sem einfalt lag. Ekholm taldi jafnframt,
ad mannkynid geeti haft dhrif 4 loftslag 4 komandi
timum med pvi ad stjérna koltvisyringsstyrk { and-
rimsloftinu. Ekholm fér fyrir leidangri Svia til Sval-
barda 4 fyrsta alpjodlega jardedlisfredidrinu 1882—
1883. Til st6d, ad hann feri arid 1897 { heimskauta-
ferd Salomon August Andrée (1854—1897), sem ztlad
var ad komast til nordurpdlsins, en hann hvarf fra pvi
vegna dgreinings vid Andrée um oryggi loftbelgsins.
Ekholm var upphafsmadur ad stormvidvérunum Svia.

Edlisfredingurinn Knut Johan Angstrom (1857-
1910) gagnryndi likan Arrheniusar og taldi, ad vatns-
gufa og koltvisyringur draegju til sin innrauda geisl-
un 4 somu bylgjulengdum. Koltvisyringur myndi litlu
baeta vid pad, sem vatnsgufa hefdi pegar dregid til sin
(Angstrom 1900, 1901). Gagnryni Angstroms rédi
miklu um, ad fram 4 midja 20. 61d toldu menn, ad
aukinn koltvisyringur { andrdmslofti ylli ekki hlynun
pess (sja t.d. Brooks, 1926; Simpson, 1938-40). Ved-
urfredingar bentu einnig 4, ad likan Arrheniusar veri
mikil einféldun 4 fléknum varmaflutningi um jordina,
likanid fengist eingdngu vid geislun, en liti ekki til
bess, hvernig skyjahula breyttist vid hlynun. Sky gatu
stillt af hitastig andrimslofts, sky endurvarpa sélgeisl-
un, og vid pad kélnar, en hins vegar draegju pau til sin
innrauda geislun og vid pad hlynadi, — pétt pvi veru
reyndar takmork sett, vegna pess ad vatnsgufan pétt-
ist og fellur til jardar sem drkoma. Engin ferli geta
stodugt aukid vatnsgufu { andrimslofti, - magn henn-
ar 1 lofthjipnum er jafnt drkomu, sem fellur 4 jordina
4 einni viku. Vatnsgufan er eina gastegundin { loft-
hjipnum, sem getur ordid ad vokva 4 jordu nidri.

Visindamenn bentu 4, ad likan Arrheniusar fjall-
adi ekki um flutning varma med haf- og loftsstraum-
um (sjd umredu { grein Helga Bjornssonar, 2023).
Ennfremur lysti likan hans ekki uppstreymi varma til
efri hvolfa andrimslofts. Pa toldu fredimenn, ad haf-
i0 og grédur, svo sem skoégur og myrar, getu tek-
i0 vid gastegundum udr andrdmsloftinu, par med tal-
i0 koltvisyringi, pannig ad efnajafnvaegi héldist milli
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hafs, lands og lofthjips jardar. Alla jardsoguna hefdi
nadst jafnvegi { hringrds efna og orku um hin ymsu
hvel hnattarins, hafs, lifrikis og andrimslofts, og ®tla
metti, ad svo yrdi enn. Um midja 20. 6ld var jafnvel
reett um, ad farga meetti { sjéinn geislavirkum drgangi
fra kjarnorkuverum, pvi lengi teeki sjérinn vid.

Laust fyrir upphaf seinni heimsstyrjaldar endur-
vakti breski verkfredingurinn Callendar (1898-1964)
umredu um kenningar Arrheniusar (Callendar, 1938).
Adur hafdi bandariski edlisfredingurinn Edward Ol-
son Hulburt (1890-19) stutt pa kenningu, ad lekkun {
koltvisyringsstyrks ylli is6ldum (Hulburt, 1931). Cal-
lendar t6k saman skrd um hitamalingar vida 4 joro-
inni fra 1885 og sagdi paer syna greinilega hlynun, og
ad per féllu vel ad likanreikningum um hlynun jardar
vegna aukins styrks koltvisyrings, sem hann taldi hafa
aukist um 10% 4 undanfornum 50 drum (Callendar,
1958, 1961). Enn efudust po flestir vedurfreedingar
um, ad gastegund ylli loftslagsbreytingum.

Upp tr 1940 urdu framfarir { litr6fsmealingum, og
i Ij6s kom, ad 4 breidu tidnisvidi er ekki full skor-
un milli fsogs (absorption) vatnsgufu og koltvioxids.
Kanadamadurinn Gilbert Norman Plass (1920-2004)
dré arid 1955 saman nidurstodur likanreikninga af
geislun { andrimslofti og lysti eiginleikum hvers lags
i andrimsloftinu, og ad efst hefdi vatnsgufa litil ahrif
a geislun (Plass 1956a,b,c,d; 1959). Plass taldi, ad
ljést veeri ordid, ad vid aukinn styrk koltvisyrings 1
lofthjipnum, slyppi @ minna af innraudri geislun fra
jordinni. Ad mati hans mundi andrimsloftid hlyna um
1 °C 4 20. oldinni, ef styrkur koltvisyrings yxi um
pridjung, en 3,6 °C, ef hann tvofaldadist.

Menn beindu nd athygli sinni ad pvi, hve hro6d
hringras kolefnis veri um jordina, hof og andrims-
loft. Huga purfti annars vegar ad efnaskiptum milli
andrdmslofts og sjdvar og hins vegar bléndun efna
med hafstraumum (Weart, 2024). Einn af peim, sem
leiddi pessar rannséknir, var bandariski haffreding-
urinn Roger Revelle (1909-1991), en hann styrdi
Scripps hafrannséknastofnuninni 1 Californiu og vann
ad ranns6knum fyrir bandariska herinn 4 dogum
kalda stridsins. A pessum drum 4rum uxu dhyggjur
manna af mengun fra geislavirkum drgangi og dreif-
ingu geislavirkra efna fra kjarnorkusprengingum. Ar-
10 1955 greindi ranns6knarhépur Revelles frd pvi, ad
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geislavirk efni frd kjarnorkusprengingum nedansjavar
pbynntust ekki ut { sjénum heldur s6fnudust 1 punnt lag
4 yfirbordi hafsins.

Ny tekni, sem nd vard tiltek, var aldursgrein-
ing syna med melingum 4 styrk geislakols C'* {
peim. Austurisk-bandariski efnafredingurinn Hans
Suess (1909-1993) birti nidurstédur, sem bentu til
pess ad hlutfall geislavirkra og dgeislavirkra sam-
s@tna kolefnis { andrdmsloftinu hefdi breyst (Suess,
1953). Geislavirka samsztan C'* myndast stodugt
hatt { lofthjipnum, pegar geimgeislar rekast 4 kofn-
unarefnisatom, N. Suess vann ad aldursgreiningu trjda
med samanburdi 4 fjolda arshringa { trjavidi og styrks
geislakols C' { trjavidnum. Hann skrddi einnig
hlutfall geislavirku samsztunnar C'* og Ggeislavirku
samsztnanna C'? og C'3. Petta hlutfall hefur breyst
med tima. Pvi yngri sem trén voru peim mun
harra var hlutfall af gomlu dgeislavirku kolefni {
peim. Hann 4lyktadi, ad vegna bruna gamals jard-
efnaeldsneytis veri nd meira af kolefni 1 andrdmsloft-
inu, sem oll geislavirkni veri horfin tr (pad veri eldra
en 50 pusund dra). Jurtir, sem hefdu legid { jordu {
milljénir dra og ordid ad kolum og olfu, hefdu misst
alla geislavirkni. Pessa tekni vildu menn nd nota til
ad kanna, hvernig koltvisyringur leystist upp { grunnu
vatni, og hvernig hann blandadist 6llu hafinu. Menn
vissu, ad pegar hlutprystingur koltvisyrings 1 sjé vex,
bregst sjorinn svo vid, ad hann strnar og gefur fra sér
koltvisyring. Enginn vissi, hve langur dvalartimi kol-
efnis dr andrimslofti { sj6 veri, nokkrar stundir eda
1000 4r. Eins var 1itid vitad um blondun sjdvarvatns.
Reynslan af geislavirku efnunum fra kjarnorkuspreng-
ingum { sjé benti til pess, ad pau getu legid { grunn-
um sj6 1 morg ar og blondudust seint 1 dypra sjavar-
vatn. Med geislakolsmalingum gdtu menn nu alykt-
ad, ad medalevi koltvisyringsameindar { andrdmsloft-
inu veri um 10 4r, par til hin leystist upp { sj6. Hins
vegar teki pad nokkur hundrud ar, ad kolefnid dreifd-
ist um allt vatn { hafinu. Samt var pad almennt mat
manna, ad hafid nadi ad draga til sin allan koltvisyr-
ing, sem liklegt vaeri, ad bearist til andrdmslofts fra
i0nadi 4 komandi arum. Ekki pyrfti ad hafa dhyggjur
af pvi, ad aukinn styrkur koltvisyrings { andrimslofti
breytti loftslagi. A sama tima urdu menn pé varir vid,
ad styrkur koltvisyrings {1 lofti fér vaxandi. Revelle

JOKULL No. 74, 2024



hafdi bakpanka. P6tt sjérinn taki vid meiri koltvisyr-
ingi dr andrimslofti, bregst hann til varnar strnuninni
og skilar koltvisyringi til baka. Pad veri pvi styrk-
ur koltvisyrings 1 andrdmsloftinu, sem rédi styrknum
i sjonum, en ekki o6fugt. Hann benti &4 pennan veik-
leika 4 radstefnu 1957, en setti pad ekki beint fram {
grein, sem hann birti pad ar (Weart, 2024). T greininni
(Revelle og Suess, 1957) sagdi hann pé: ,,Mannkyn-
10 er ad gera jardedlisfradilega tilraun { steerri stil en
adur var gerlegt, og verdur ekki endurtekin®.

Tveimur drum sidar skyrdu svo s@nsku vedur-
fredingarnir Bert Bolin (1925-2010) og Erik Eriks-
son (1917-2019) endanlega, hvers vegna saltur sjor
er tregur til ad taka vid koltvisyringi ur andrimslofti
(Bolin og Eriksson, 1959a,b). Peir greindu frd pvi,
ad hrod blondun milli andrdmlofts og sjdvar veri ad-
eins { efstu 2% hafsins. Sidan hefur ménnum ver-
i0 1jost, ad ekki veri unnt ad treysta 4, ad hofin
tekju negilega hratt vid siauknum ttblaestri koltvi-
syrings frd idnadi. Dvalartimi koltvisyrings og met-
ans { andrimslofti veri svo langur, ad dhrifa peirra
4 langbylgjugeislun frd jordu myndi geta { andrdms-
lofti 1 hundrud 4ra, jafnvel pétt tekist ad stodva ut-
blastur peirra. Tregdu sjavar ad taka vid vaxandi ut-
bleestri koltvisyrings 1 lofti er ni 1yst med svonefndum
,.Revelle factor* til heidurs Revelle.

A alpjédlega jardedlisfreedidrinu 1957 hofust
reglubundnar melingar 4 styrk koltvisyrings { and-
rimslofti & Sudurskautslandinu og 4 Mauna Loa 4
Hawaii { Kyrrahafinu, fjarri mengun fra idnadi. Fljot-
lega kom 1 1jés, ad styrkur koltvisyrings 6x barna
med hverju 4ari. Fyrir idnbyltingu var hann 280
ppm (milljénustu rimmalshlutar), en hafdi 4rid 2024
nidd 427 ppm 4 Mauna Loa (Keeling og fl., 1976;
https://arctic-news.blogspot.com/2024/08/carbon-
dioxide-growing-rapidly.html).

Bert Bolin kalladi saman visindamenn til alpj6d-
legs samstarfs um rannséknir 4 orsékum hnattrenn-
ar hlynunar (Bolin, 2007). Hann vard 4rid 1988
fyrsti formadur alpjédanefndar Sameinudu pjédanna
um loftslagsbreytingar (IPPC), en nefndin hlaut frid-
arverdlaun Nébels 2007 fyrir skilning 4 hnattreenum
loftslagsbreytingum af mannavoldum, og fyrir ad hafa
kynnt pann skilning almenningi og lagt 4 rddin um ad-
gerdir gegn pessari hlynun jardar.
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A sjotta dratug 20. aldar urdu miklar fram-
farir vid gerd tolvulikana { vedurspam. Japansk-
bandariski edlisfredingurinn Syukuro Manabe hof pa
ad nota slik likdn vid rannséknir 4 loftslagsbreyting-
um. Likonin tengdu saman haf og andrimsloft um
alla jordina, ttskyrdu myndun skyja og flutningi raka
og varma (t.d. Manabe og Strickler, 1964; Manabe
og Wetherald, 1967; Manabe og Bryan, 1969). Fram
kom, ad aukinn styrkur koltvisyrings leidir til hlynun-
ar og uppgufunar vatns, og andrimsloftid hlynar um-
fram pad sem skyra ma eingéngu med auknum kolt-
visyringsstyrks (nefnt water vapor feedback). Fyr-
ir framlag sitt til pessara rannsékna hlaut Syukuro
Manabe Noébelsverdlaun { edlisfredi 2021. Var pa
komin heildarmynd af dhrifum vatnsgufu og koltvi-
syrings 4 loftslag jardar, sem Eunice Foote, Tyndall
og Arrhenius h6fou lagt grunn ad.

Lokaord

Einfalt likan Arrheniusar af 4hrifum koltvisyr-
ingstyrks 4 loftslag jardar reyndist lysa vel megin-
dhrifum loftmengunar mannkyns vegna jardefna-
eldsneytisbrennslu. Sjdlfur spddi hann pvi ekki, ad
fram undan veri veruleg loftslagshlynun, enda gat
hann ekki 6rad fyrir pvi, ad koltvisyringur 1 and-
rimslofti ykist med peim hrada, sem vard eftir seinni
heimsstyrjold vid brennslu kola, oliu og jardgass.

Péttur joklafredinga { rannséknum 4 loftslags-
breytingum hefur verid mikill. Ryrnun jokla um all-
an heim er vitnisburdur um hnattrena andrimslofts-
hlynun. Pad leyndi sér ekki upp dr 1980. Flutning-
ur varma um hnottinn hafdi aukist, bedi { lofti og
hafi, frd midlegum breiddargradum til nordlagra pol-
sveda. Vestanvindabeltid hafdi ferst naer heimskaut-
um. Ofgar jukust { vedri, hitabylgjur og f6d urdu tid-
ari. Z fleiri hitamet voru slegin, en fram til pessa pétti
skorta vedurathuganir til ad skera dr um, hvort hlyn-
un vaeri mismunandi eftir 4rstidum og hvort hin veri
hnattreen eda bundin vid afmorkud svadi jardar.

Um 2010 var p6 ordid augljost, ad & nordurheim-
skautssl6dum bradnadi hafis hradar en hann hafdi gert
s.l. 10 pdsund ar. P4 var ordid greinilegt, ad flutningur
varma um hnéttinn, b2di um haf og loft, fra trépiskum
svedum og midlegum breiddargradum til nordlegra
polsvaeda hafdi breyst verulega, frd pvi sem var.
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Vid brddnun snevar kom land undan jokli og
dré ur endurkasti sélgeislunar fra yfirbordi jardar.
Hringrds andrimslofts og varmaflutningur um haf
breyttust. Mest hlynadi 4 haustin, ad vetri og vori vid
strendur Evrasiu og Alaska, og hafis vard & minni ad
hausti. Sumarsél vermdi hafid, andrdmsloftid hlyn-
adi langt fram 4 haust. Snjér bradnadi fyrr 4 vorin,
og hann féll sidar ad hausti. Haffs hvarf jafnvel 4
sumrin vid strendur Evrasiu og Alaska. Hafid fékk
aukna sumargeislun og hlynadi. Pegar is lagdi loks
ad vetri, nddi varmi { hafi hins vegar ekki lengur til
andrumslofts. Allt hefur petta valdid pvi, ad hlyn-
un hefur ordid tvofalt til prefalt meiri 4 heimskauta-
svadum en annars stadar 4 jordinni. I pessu skilningi
ma skyra nidurstddur Hans Ahlmann um hlynun pél-
svada a fyrri hluta sidustu aldar. Hlynunin kallast nd
»arctic amplification®.

Eftir aldamétin 2000 herti 4 ryrnun Granlands-
jokuls og jokulbreidu vesturhluta Sudurskautslands-
ins. Sjdvarbord reis 4.5 mm arid 2023, helmingur pess
er vegna ryrnunar jokla (Hamlington og fl., 2024).
Hekkun sjdvarbords er ein 6gnvenlegasta afleiding
hnattrennar hlynunar. Vegna hlynunar andrimslofts
og hafstrauma eykst bradnun ispilja sem kelfa fra vest-
urhluta Sudurskautslandsins og Grenlandi. Par sem
botni hallar inn ad landi getur haekkun sjavarbords
lyft stodugt steerri hluta ispiljanna 4 flot og paer ordid
Ostodugar, kelfing aukist hratt (Mercer, 1978; Joughin
og Alley, 2011), en einnig hert 4 skridi ispekjunnar til
sjavar vegna pess ad fyrirstada minnkar. Joklafraed-
ingar 6ttast pvi ad sjavarbord geti risid um 60 cm til
loka 21. aldar og 3 m fyrir 2200. Pad hefdi skelfileg
ahrif { strandhérudum um allan heim.

Pakkir

Ritrynendur bentu 4 margt, sem betur matti fara og eru
peim ferdar bestu pakkir.
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