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1 Introduction

The Arctic air is warming at more than double the rate
of the global temperature increase (33), and is expected
to experience the most intense warming over the remain-
der of this century (11). As a result of this warming, the
extent and volume of sea ice in the Arctic Ocean during
the summer has exhibited exponential decline, and if the
current exponential trend continues, it appears likely that
the Arctic will experience the first ice free period some-
time within the next 5 years, with a best guess around
the year 2022 (Section 2).

This is concerning, because Arctic sea ice, and the
cold conditions it sustains in the water, serves to stabilize
large deposits of methane hydrates (Section 3) in subsea
permafrost, particularly in the shallow waters of the East
Siberian Arctic Shelf (ESAS) (Section 4). Although the
reserves of methane hydrate in the ESAS are highly un-
certain, current resources estimates are close to 900 Gt of
methane carbon (Section 5).

Unlike the carbon stored in terrestrial permafrost,
which must first be converted into carbon dioxide or
methane gas through microbial action before it can be
released into the atmosphere, frozen methane hydrates
in the ESAS merely require the surrounding ice to melt.
If the sediment that contains hydrate is warmed, the hy-
drate will dissociate to produce methane gas bubbles that
will mostly be released into the atmosphere. Thus, it is
conceivable that the entire reserve of methane hydrates
could be released into the atmosphere within a few years
of the Arctic sea ice melting.

For reference, the atmosphere currently contains
about 5 Gt of methane carbon, and the annual global car-
bon emmissions from all sources combined (human and
natural) are currently less than 10 Gt carbon per year,
mostly in the form of carbon dioxide. Thus, if all the
methane from the ESAS were released in a single year, it
would represent a nearly 100 fold increase in global car-
bon emmissions. Furthermore, this carbon would be in
the form of methane, which has a warming effect approx-
imately 84 times greater than carbon dioxide (over a 20
year period) (35).

The release of even a small fraction of the methane
reserves in the ESAS could greatly accelerate the overall
pace of global warming (Section 6). For example, White-
man et al. (51) showed that a release of a mere 50 Gt
methane (or 5% of the ESAS reserves) over a 10 year pe-
riod would directly increase global average temperature to
exceed 2 °C by 2035 and 3 °C by 2070, without consider-
ing additional feedbacks. However, this would surely trig-
ger additional feedbacks, because for example terrestrial
permafrost is thought to become susceptible to thawing
after a 1.5 - 2 °C temperature rise (2, 44, 14, 50), and a
temperature increase of 3 °C would likely result in desta-
bilization of 85% of global hydrate deposits and release
of 4000 Gt of methane carbon (3). In short, permafrost
thawing of any kind leads to additional warming which
further accelerates the thawing of more permafrost in a
viscious feedback cycle that is likely to be unstoppable.

Although there exist some methane sinks that could
prevent or delay some of this methane from reaching the
atmosphere (Section 7), they are unlikely to make a sig-
nificant difference in the face of widespread permafrost
thawing. For these reasons, it is feared that impending
summer ice loss in the Arctic as soon as 2020 could trig-
ger abrupt climate change (35, 48) termed the ‘Clathrate
gun’ (35), potentially leading to the initiation of a run-
away greenhouse effect with drastic temperature increases
in the span of only a few years or decades.

Not only do Intergovernmental Panel on Climate
Change (IPCC) models grossly underestimate the rate
of sea ice decline(16, 6) by decades, but positive feed-
backs such additional emissions due to thawing of ter-
restrial and subsea permafrost are not even incorporated
into IPCC or models, or models in the Coupled Carbon
Cycle Climate Model Intercomparison Project (C4MIP).
As a result, these models may grossly over-estimate the
amount of time that humanity has left, leading to a very
false sense of future prosperity.

Schneider von Deimling et al. (36) proposed a model
that does include feedbacks due to terrestrial permafrost
melting, but their model still does not consider subsea
permafrost, or the potential release of methane hydrates
as discussed in this paper. As such, precise outcomes of
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dissociating methane hydrates on the global climate are
still difficult to quantify (Section 8), but all evidence so
far suggests the outcomes may be catastrophic, and may
have the potential to disrupt world order within the next
decade.

2 Ice-loss in the Arctic sea

Arctic sea ice volume naturally exhibits strong seasonal
trends due to summer melting, with about 16,400 km3

of sea ice being thawed each year (37) (Fig. 1). How-
ever, in recent years, the minimum sea ice volume during
the summer has exhibited a clear downward exponential
trend (Fig. 2). Looking over the past 1,500 years, it is
clear that this rate of ice loss is truly unprecedented, and
is very clearly correlated to increased greenhouse gasses
causing global warming (Fig. 5).

Although we cannot know for sure if this exponen-
tial trend will continue, and seasonal variations create a
large degree of yearly variation, there is no known effect
that would cause the long-term trend to slow down. To
the contrary, the general trend of increased greenhouse
gasses and global warming is expected to continue the
observed exponential trend. Therefore, based on current
projections of the 95% confidence band of the observed
exponential trend, it is likely that the first summer with
complete ice melt will occur in the range of 2019 - 2030,
with a best guess of 2022 (Fig. 2).

Figure 1. PIOMAS (37) estimates of Arctic sea ice vol-
ume. https://commons.wikimedia.org/wiki/File:Plot_arctic_

sea_ice_volume.svg

It should be noted that the ability to continue mak-
ing sea-ice measurements could end at any time, because
the satellites used to track these conditions (F-16,F-17,F-
18) have long ago reached end of life, and could fail at

any time (52). A newer replacement, F-19, was launched
in 2014 but already suffered a sensor failure and become
inoperable. The final satellite in this series, F-20, had al-
ready been constructed and was scheduled to be launched
in 2017, but the Trump administration ordered it’s de-
struction citing “storage costs” of the satellite, and a new
replacement cannot be launched until at least 2022 (52).
This is akin to turning off the headlights in a car with the
pedal to the metal while driving towards a brick wall at
night.

3 Methane Hydrates

Approximately 30% of global permafrost carbon is con-
centrated in 7% of the permafrost region (1.32 million
km2) in North Siberia, Alaska, and northwest Canada (2).
Here, ice organic rich silt-dominated sediments, termed
yedoma, were deposited to an average depth of 25 m in
unglaciated regions during the late Pleistocene glacial pe-
riod (2). The average organic carbon contents of frozen
yedoma, typically 2-5%, are higher and more decompos-
able than in most thawed mineral soils because fresh
organic inputs from the tundra-steppe ecosystem were
buried and frozen into rapidly accumulating sediment (2).

When permafrost thaws, it decomposes and is con-
sumed by microbes that release the carbon either as car-
bon dioxide or methane gas, depending on the amount of
oxygen present. Thus, methane that is released in this
manner is limited by the growth rate of microbe popula-
tions, which may depend on other environmental condi-
tions such as temperature.

Methane that is produced in sediments and sub-
jected to the right pressure and temperature conditions
may form methane hydrates. Methane hydrates (a.k.a.
methane clathrates) are ice-like solids consisting of a lat-
tice of hydrogen-bonded water molecules forming cage-
like structures, each of which contain a single molecule
of methane. Methane hydrate is stable within geologic
settings where relatively high pressures and cold tempera-
tures exist (23), typically forming at ocean depths greater
than 500 m in temperature latitudes or greater than 300
m at high latitudes (35).

The unique molecular structure of methane hydrate is
very concentrated such that one unit volume of methane
hydrate expands approximately 160-180 times when dis-
sociated to methane gas in response to warming temper-
ature or decreasing pressure (35, 23). As a result, when
hydrate in permafrost dissociates it creates immense pres-
sure that causes cracks in the permafrost which rapidly
accelerate the rate of additional thawing by around four
orders of magnitude (48, 32).

Global estimates of the abundance of methane hy-
drate vary widely, but they all indicate that the amount of
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Figure 2. PIOMAS (37) estimates of minimum yearly Arctic sea ice volume. Figure reproduced from https://sites.google.com/site/

arctischepinguin/home/piomas.

carbon stored within marine and terrestrial methane hy-
drate deposits is enormous (19, 26) and may rival all con-
ventional and unconventional hydrocarbon sources com-
bined.

A number of researchers have speculated that past pe-
riods of rapid atmospheric warming may have been initi-
ated or significantly accelerated by the release of methane
from dissociating methane hydrate deposits (17, 8, 23).

4 The East Siberian Arctic Shelf
(ESAS)

The East Siberian Arctic Shelf (ESAS) is a large Arctic
sea shelf, approximately 2.1 million km2, which was for-
merly above ground yedoma permafrost and subsequently
submerged in approximately 45 meters of Arctic water by
post-glacial rise in sea level (32, 48). Normally, methane

hydrate would not be able to form at such shallow depths,
but the extremely cold conditions of Arctic water make
it possible. Numerical modeling suggests that almost the
entire ESAS region is likely to be saturated with gas hy-
drates (34) (Fig. 4).

Unlike the terrestrial permafrost in the Arctic which
experienced a change in its thermal regime caused by the
6 - 7 °C mean annual air temperature increase since the
last Glacial Maximum, sub-sea permafrost has been sub-
jected to additional drastic transformations, e.g., inunda-
tion by the ocean, resulting in warming of the permafrost
environment by as much as 17 - 20 °C (29). Thus, per-
mafrost in the ESAS is expected to thaw first (48, 4).

Despite Arctic warming so far, sea surface tempera-
tures in the ESAS have risen only about 0.5 °C per decade.
Temperatures are now about 2 °C higher than 1980, but
the trend is not well-defined (Fig. 3). So far, bottom sea
temperatures in the ESAS have remained below freezing,
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ranging from -0.5 °C to -1.8 °C, such that permafrost
degradation does not occur in it’s present state (29).
However, preliminary numerical experiments show that if
the mean bottom surface temperature of the water within
the thermokarst area is increased to 1 °C, then the upper
permafrost ice complex would be completely destroyed
(29), causing widespread thawing.

It is generally thought that the melting of sea ice has
served to keep Arctic waters cold despite general Arctic
warming. Therefore, once the sea ice completely melts,
there will be nothing to prevent the additional summer
heat from rapidly warming Arctic water temperatures,
leading to the widespread thawing of subsea permafrost
in the ESAS (48).

When this permafrost thaws, all of the carbon it con-
tains will be potentially subject to release into the at-
mosphere, although raw carbon cannot be immediately
released into the atmosphere because it must first be di-
gested by growing microbe populations before it is con-
verted into methane gas or carbon dioxide as waste, and
this process could potentially take years or decades. How-
ever, some of this carbon will be in the form of methane
hydrates or free methane gas, which could be released
into the atmosphere almost immediately, and could po-
tentially trigger a much more aggressive feedback loop.
Therefore, it is critical to understand how much methane
hydrate may be stored in the ESAS in order to accurately
predict the resulting rate of global warming when it is re-
leased.
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Figure 3. NOAA Optimum Interpolation (OI) Sea Surface Tem-
perature (SST) (https://www.esrl.noaa.gov/psd/data/gridded/
data.noaa.oisst.v2.html) averaged over the month of September
in the East Siberian Arctic Sea at (76.5, 168.5).

Already, partial thawing of permafrost in the ESAS
is considered to be responsible for very high dissolved
methane concentrations in the water column (42, 40, 43).
In other areas such as the Laptev Sea, methane released
from thawing permafrost is efficiently oxidized in the over-
lying frozen sediments such that methane concentrations

in the water column have not yet significantly increased
(49, 31). It is troubling that hydrate has even begun to
dissociate at all, given that we do not anticipate the real
increases in Arctic sea temperatures until the Arctic ex-
periences an ice free summer.

5 How much is really there?

The global estimates of hydrate-bound gas in marine
sediments vary by several orders of magnitude, and are
thought to be highly uncertain (18). In a meta analy-
sis, Milkov (26) found that global estimates can be dis-
tinguished by three periods: (1) pre-mapping and pre-
drilling estimates from the 1970’s to early 1980’s, (2) pre-
drilling estimates from the late 1980’s to early 1990’s; (3)
estimates based on actual drilling results, from the late
1990’s to present. In general, global estimates have de-
creased by at least one order of magnitude at transitions
from one period to another, with global estimates ini-
tially coming in around 10,000 Gt methane hydrate, now
reduced to about 500-2500 Gt (26, 35).

Figure 4. Map of methane hydrate potential associated with sub-
marine permafrost, from Long et al. (21). Dark blue areas corre-
spond to Bathymetric ranges of 30 - 100m, likely to be saturated
with gas hydrates according to Romanovskii et al. (34). The East
Siberian Arctic Shelf (ESAS) region is circled in red.

With that said, the drilling results leading to these re-
duced global hydrate estimes have thus far been restricted
to non-Arctic regions. For example, the reduced global
estimates of Milkov (26) were based on drilling estimates
performed in the Gulf of Mexico (27), where they found
only 10-30% of sediments in the presssure-temperature
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(PT) stability zone to be hydrate bearing, with an average
methane gas hydrate yield of 1.4-2.4 m3 hydrate bound
gas per cubic meter of hydrate bearing marine sediments.

If hydrate bearing sediments in the ESAS occurred
with the same frequency and hydrate density as those
sampled in the Gulf of Mexico (27), we can get an esti-
mate of the total hydrate volume: using a land area 2.1
million km2, assuming that 10-30% is hydrate bearing
to a depth of 25 m, and using a hydrate yield of 1.2-2.3
m3/m3, this gives an estimate of 4-21 Gt of methane hy-
drate with likely an additional 2.7-14 Gt of free methane
(9, 35), for a total of 6.7-35 Gt.

However, this estimate is likely grossly under-
estimated, because the climate and geological conditions
in the Gulf of Mexico are completely different from the
Arctic. In particular, there is no in situ source for
methane in the Gulf of Mexico; rather, it has been hy-
pothesized that hydrocarbons including methane may mi-
grate from depth in the sediment section along fractures,
faults, and other migration pathways (27). In contrast,
approximately 80% of the ESAS is underlain with ex-
tremely carbon rich yedoma permafrost (47) which can
be readily converted into methane by microbial action,
and the region has already been observed to be venting
unexpectedly large volumes of methane gas (42, 40, 43).
Therefore, it seems much more likely that methane hy-
drates in the ESAS would have formed in situ, and at
much higher methane concentrations than the Gulf of
Mexico.

To our knowledge, there has never been any actual
drilling estimates to confirm the methane hydrate yields
in the Arctic, so the estimates remain highly uncertain.
With that said, MacDonald (22) estimated the total per-
mafrost reservoir of methane hydrate in the entire Arctic
to be about 400 Gt, while Shakhova et al. (39) estimated
1400 Gt of total carbon stored in subsea permafrost of the
ESAS. As was later explained in Shakhova et al. (41), this
1400 Gt estimate was based on an assumption of 540 Gt
of frozen methane hydrate from Gramberg et al. (10) and
Soloviev et al. (45), an additional 360 Gt of free methane
gas based on the typical assumption that there will be
2/3 of the amount of free methane gas alongside hydrates
(9, 35), and an additional 500 Gt of carbon based on Zi-
mov et al. (54), under the stated assumption that the
carbon content of subsea yedoma should be the same as
terrestrial yedoma.

We were unable to acquire written proceedings for
Gramberg et al. (10) and Soloviev et al. (45) due to their
age, but these estimates are unlikely to be accurate be-
cause they are very outdated, and hence unlikely to be
based on actual drilling results (26). Additionally, we
note that Shakhova et al. (41) failed to account for the dif-
ference in land area when they estimated that the ESAS
would contain 500 Gt of carbon based on Zimov et al.

(54). Considering that the ESAS has an area of roughly
2.1 million km2, and assuming yedoma deposits occupied
80% of the ESAS (47), using the carbon density of yedoma
estimated by Zimov et al. (54) should lead to an estimate
of 900 Gt carbon in the ESAS, rather than the 500 Gt
assumed by Shakhova et al. (41). However, this is a moot
point because Zimov et al. (54) were estimating the total
carbon content of yedoma, so it would be redundant to
add this to the carbon content due to methane hydrates
if the hydrates were generated in situ from the existing
carbon pool.

How much methane hydrate and free methane gas is
actually there? It is likely much more than the upper
bound of 35 Gt that would be estimated using conditions
similar to the Gulf of Mexico where there is no in situ
methane source (27), and likely less than the 900 Gt es-
timate of total permafrost carbon based on Zimov et al.
(54). According to Gramberg et al. (10) and Soloviev
et al. (45), the amount of methane hydrate and free
methane could be close to 900 Gt, but without actual
drilling estimates, there is so far no way to know.

6 Estimated rate of methane re-
lease

Shakhova et al. (40) estimated that a release of 50 Gt of
methane from the ESAS might be emitted over a period
of 1-5 years, which they predicted could lead to an in-
crease in global surface temperature of 3.3 °C by 2100,
and Whiteman et al. (51) estimated that Arctic ice melt
could trigger the same 50 Gt of methane to be released
over a 10 year period, which they assumed may start in
2015, and predicted a 4 °C rise by 2100. This simulation
was criticized Nisbet et al. (30) in their unpublished let-
ter to the editor, where they pointed out the geological
record does not indicate any historical methane release of
this magnitude, and that there is currently no release of
methane in the Arctic of this scale.

Although it is true that methane has not been re-
leased from the ESAS at anywhere near this rate since
2015 as was predicted by Whiteman et al. (51), it was
implied that this release would be subsequent to Arctic
summer ice-melt, which has not fully occurred yet, but is
nonetheless likely to occur soon. Furthermore, although
the geological record may not contain any examples of
methane release at this volume, there is ample evidence
for rapid dissociation of methane triggering abrupt cli-
mate change in the past(17, 8, 23, 35), and conditions in
the past are not always representative of the future – in
particular, sediments in the past may have contained dif-
ferent amounts of hydrates, and the temperature rises in
the past in the absence of human activity are not neces-
sarily comparable.
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Nonetheless, we are skeptical of the accuracy of
Whiteman et al. (51)’s estimate for two major reasons:
(a) the estimate of 50 Gt of methane being released was
based on an earlier estimate by Shakhova et al. (39) that
about 3.5% of the carbon in the ESAS could be released
“at any time” due to openly venting talics and/or seismic
faults, but we note that a release of methane due to seis-
mic activity is not comparable to the release of methane
due to widespread permafrost thawing. Arguably, a much
larger percentage of the available hydrate pool would be
subject to release due to permafrost thawing, perhaps
100%; (b) the assumption that it would take 10 years to
release this methane was not informed by any educated
guess or numerical modeling.

We are not aware of any numerical modeling to pre-
dict the actual rate that subsea permafrost would melt
as a result of Arctic sea-ice loss. Therefore, we propose
here a simple approximate guess based on the following
observation: during each summer, the Arctic thaws ap-
proximately 16000 km3 of sea-ice volume as a result of
seasonal melt (37). Because the amount of seasonal ice
melt is based mainly on the total solar radiation dur-
ing summer, which remains roughly constant due to the
Earth’s rotation, we roughly assume that when the Arctic
runs out of surface ice to melt, it will continue by melting
subsea permafrost at roughly the same rate that surface
sea ice was previously being melted. This is not a perfect
assumption, as the actual rate would depend largely on
the rate of mixing between sea surface water that is be-
ing directly heated and sea bottom among other potential
factors, but in lieu of a more realistic numerical model it
is the only estimate that we have.

Thus, we predict that seasonal melting will begin to
directly melt subsea permafrost in the year after the Arc-
tic sea ice minimum first reaches zero (i.e., the first “blue
ocean” event), which we expect to occur sometime in the
range of 2020 - 2025, and denote as year 0. Based on
the current trendline, the minimum sea ice in summer is
reduced by about 1000 km3/yr each year, so we predict
about 1000 km3 of subsea permafrost to melt in year 1
(i.e., the first year subsequent to a blue ocean), 2000 km2

in year 2, 3000 km3 in year, 3, etc.

The gas hydrate yield could be as low as 2.4 m3 hy-
drate bound gas per cubic meter of hydrate bearing ma-
rine sediments (for example, as in the Gulf of Mexico),
or potentially as high as 42 m3, according to earlier es-
timates (26). Therefore, each 1000 km3 of permafrost
could release 4,000 - 76,000 km3 methane gas, or 1.92 -
36.5 Gt methane. After 10 years, this would amount to
a release of 105 - 900 Gt methane (assuming a maximum
of 900 Gt methane exists in the ESAS).

According to numerical models by Thatcher et al.
(48), the delay between the onset of warming and emis-
sion of methane gas, resulting from the time taken for

thermal diffusion, hydrate dissociation, and gas migration
can be less than 30 years for hydrates submerged in wa-
ter depths of approximately 400 meters, when waters are
warmed linearly by 1 °C over a period of 30 years. How-
ever, temperature increases in the Arctic waters could rise
drastically faster than 1 °over 30 years once the summer
ice melts. In addition, the much shallower waters of the
ESAS (approximately 45 m) and increasingly turbulent
water conditions (32) would further reduce the delay in
comparison to that modeled by Thatcher et al. (48).

7 Methane sinks

Not all of the methane that is dissociated from subsea
permafrost will make it into the atmosphere. Ruppel and
Kessler (35) identified several methane sinks that might
prevent this methane from reaching the atmosphere or
having its full potential warming effect:

� Anaerobic oxidation of methane (AOM) which is
carried out by a consortium of microbes primarily
in the centimeters to meters just below the ocean
floor acts as a ‘biofilter’ that can prevent some of
the upwardly migrating methane gas from deeper
in the sediment from reaching the ocean floor (35).
It has been estimated that up to 80-90% of the 400
Tg/yr methane that is currently released globally
from marine sediments deeper down are absorbed
in this layer (13). However, for efficient methane
consumption the population of AOM communities
must grow to accommodate additional methane.
The doubling time is roughly 7 months, so the gen-
esis of an effective AOM microbial filter would be
on the order of decades (28, 32). Thus, it is unlikely
that AOM filters would be able to compensate for
a rapid increase in methane flux in the ESAS on a
short enough timescale to matter (32). In general,
the efficiency of AOM is reduced under higher flux
scenarios which leads to the possibility of rapidly
ascending gas bubbles that bypass this filter (35).

� Physical characteristics of marine sediments may
prevent free gas that has dissociated deeper down
from reaching the seafloor surface. For example,
low-permeability sediments, structural traps, etc
(35). However, these are unlikely to be effective
during a period of rapid thawing, due to the im-
mense pressure of dissociating hydrate that can
form cracks in the permafrost and rapidly acceler-
ate the rate of additional thawing by around four
orders of magnitude (48, 32).

� Once methane is emitted from the seafloor, if the
surrounding water has low methane concentration,
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it may diffuse out of the rising bubbles into the wa-
ter column, replacing the methane in rising bubbles
with oxygen and nitrogen. The amount of methane
that reaches the water surface is largely a function
of seafloor depth and bubble size (35). However,
this sink is not very effective in the shallow waters
of the ESAS – about 67-72% of the methane in the
relatively small bubbles currently being released in
the ESAS already reaches the surface (43), and if
the rate of methane release increases, the bubbles
will be larger and could retain closer to 100% of
their methane. Furthermore, any methane that is
absorbed into the water in this way is only delayed
from reaching the atmosphere. It will eventually be
released into the atmosphere by the action of wind
and turbulence (43), which is already very high in
the Arctic, and expected to increase as a result of
further Arctic warming (32).

� Once dissolved in seawater, aerobic microbial oxida-
tion (MOx) can limit the flux of dissolved methane
into the atmosphere (35). MOx was traditionally
thought to be a very slow process, although more
recent research indicates it may become more effec-
tive when seawater with high methane concentra-
tions is perturbed (25). Regardless, this would not
have much effect once the size of bubbles increase,
allowing methane to bypass absorption in the water
column (43).

� An estimated 90% of all methane released into
the atmosphere is eventually removed by oxidation
with the hydroxyl radical in the troposphere within
about a decade (7). The ultimate result of this oxi-
dation is conversion into carbon dioxide (35), which
is still a powerful greenhouse gas, but not as bad
as methane. However, the fact hat methane’s life-
time in the atmosphere is only temporary is already
known, and assumed throughout all the simulations
of warming due to methane release.

Ultimately, the rate of release matters because a
higher proportion of methane can be absorbed by sinks
when the rate of release is slow. However, all of the known
sinks become less effective under scenarios of rapid re-
lease, as would be expected from a widescale thawing of
subsea permafrost in the ESAS.

8 Why a few degrees matter

The atmosphere currently contains 5 Gt of methane, and
about 730 Gt of carbon, approximately double that the
360 Gt of atmospheric carbon in pre-industrial times (54).
In addition to the potentially 900 Gt of carbon in subsea

permafrost, terrestrial permafrost contains approximately
900 Gt of carbon as well (54), and is widely thought to
become susceptible to thawing after a 1.5 - 2 °C global
average temperature rise (2, 44, 14, 50). The release of
such a carbon pool would quickly take the planet to 3
°C warming, and at 3 °C temperature increase is pre-
dicted to result in destabilization of 85% of global ma-
rine hydrate deposits, releasing approximately 4000 Gt
of methane carbon (3).

In total, there is approximately 40,000 Gt of carbon
stored in ocean reserves, with another 1,500 Gt of carbon
in soils and 650 Gt in vegetation (54), and all of these
sources are subject to carbon release in positive feedback
loops, so once the process is started, there would be no
way to stop it. Although timescales are uncertain, such
warming could eventually lead to the evaporation of all
water on Earth in a runaway greenhouse effect, similar
to the manner in which Mars is believed to have lost its
oceans (38).

A full analysis of the economic, agricultural, humani-
tarian and ecological impacts on a degree by degree basis
is far outside of the scope of this paper, and would be
nearly impossible to validate. Some predictions can be
found in Henson (12), although according to some more
extreme predictions, it would seem unlikely for humanity
to survive at 5-6 °C of warming (5).

In the short term, a few degrees of warming may not
sound like much, but impacts would likely be widespread
and severe. For example, Whiteman et al. (51) estimated
that a mere 50 Gt release of methane would cause eco-
nomic damages on the order of the entire global econ-
omy. We think that such economic outcomes are trivial in
comparison to more tangible human costs resulting in re-
duced global food production. For example, it is expected
that for every 1 °C temperature rise, global corn harvest
yields could decline 7.4 % (53), while in the United States
corn yields are expected to suffer 10.3% (53). Many other
crops would be affected similarly.

Global food stocks are already tenuous (20), and it is
predicted that the world will need to increase food pro-
duction by 70% to meet global demand by 2050 (1), while
at the same time the impact of a mere 2 °C could reduce
food production by 15-20%. Thus, even with only a 2 °C
increase this implies that there may only be enough food
to feed 0.8/1.7 = 50% of the world population.

The most immediate impact of global food shortages
would likely be mass famine and starvation in third world
countries. If shortages extend into the developed world,
such that there is not enough food to feed the middle
class, it could trigger hyperinflation of all major curren-
cies, as one cannot put a price on the food needed to
survive. Such hyperinflation could result in the collapse
of financial institutions, making money held in stocks or
banks inaccessible, grinding trade and business to a halt,
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and potentially collapsing governments. Ultimately, the
result of a permanent reduction in food supply would in-
evitably be a mass dying of humans, and potentially a
collapse of modern civilization as we know it. The scari-
est part is that all of this could potentially occur within
our lifetimes.
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Figure 5. Paleoclimate reconstructions of approximately 5-year mean Arctic sea ice extent (15), atmospheric temperature (24) and sea
surface temperature anomalies (46) spanning the last 1,500 years. Figure reproduced from the Arctic Report Card 2017 (33)
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