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Abstract

This paper explores the impact of rising global temperature on the melting of ice floes and ice
sheets in the Arctic Ocean, Greenland and Antarctic. This paper notes that the current understanding
of the impact of climate change on Arctic, Greenland and Antarctic ice floes and ice sheets may be
significantly underestimated. First, this paper analyzes the relationship between global temperature
change and Global Mean Sea Level (GMSL) rise after the end of the Last Glacial Maximum (LGM).
The current rate of global temperature rise is now 10 times faster than after the end of the LGM.
This also means that the current rate of GMSL rise will also be likely to be 10 times faster than the
rate of GMSL rise at that time. In order to better and accurately analyze the relationship between
global temperature rise and GMSL rise, a simple macro model of ice sheet dissolution is established.
In this model, we believe that the main cause of the dissolution of the ice sheet is the convective
heat transfer from the air. Due to the presence of huge glacial lakes in Greenland and Antarctica,
most of the meltwater from the ice sheet is temporarily stored in these glacial lakes. If global
temperatures continue to rise, these glacial lakes could cause dam failures and cause catastrophe.
We used this model to estimate the rate of dissolution of ice floe in the Arctic Ocean, and the
estimates were in good agreement with the actual observations. We then used this model to estimate
the rate of dissolution of the Greenland and Antarctic ice sheets. Estimates suggest that the risk of
significant GMSL rise and dam failure of glacial lakes is very high in the coming decades.

1 Introduction

Many models of climate or ice sheets can be found online and in academic databases. The
scope is very wide, and the results are varied.

For example, the model established by the IPCC (www.ipcc.ch) is based on the relationship
between climate change and ecosystems, biodiversity, and human society (Zhou. 2021). Through

this model, it is possible to determine the direct interaction between climate change and the way of
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life of human society, sustainable development methods, etc. After considering the interactions

between the atmosphere, ice sheets, and oceans, Park et al. developed a more complex atmosphere-

ocean-ice-sheet coupling model (Park, Schloesser & Timmermann, et al. 2023) to make more

accurate predictions of Global Mean Sea Level (GMSL) rise.

The Community Earth System Model (CESM) (www.cesm.ucar.edu) was first released in 1983

by the NSF-backed National Center for Atmospheric Research (NCAR). This is a climate model

that considers a lot of factors, in which a variety of factors such as the atmospheric system, rivers,

land, ocean, ice sheet, ice floes, etc., are comprehensively considered, and the models established

by these factors are coupled together to form a complex model of the earth systems. These kind of

models can be used to predict changes in global temperature and atmospheric carbon dioxide

concentrations. For example, the predictions of similar Community Climate System Model (CCSM)

(Smith, Jones & Yeager. 2010) in 2001 show that such models are relatively accurate. (Blackmon,

Boville & Washington. 2001).

In addition to the more typical climate models mentioned above, there are of course other

models (Flato, Marotzke & Collins, et al. 2014), as well as some very characteristic models, such

as NeuralGCM, which uses neural networks to predict climate change. (Kochkov, Yuval & Hoyer.

2024). Overall, however, one of the obvious shortcomings of these models is the lack of a very

macro model of the impact of climate on the dissolution of ice sheets. After all, observing the impact

of climate change on the ice sheet on Earth will be very different from watching the impact of

climate change on the ice sheet as a whole in universal space. Therefore, the macro model in this

paper can be a good supplement to the various climate models that have been established, such as

CESM.



2 The current GMSL rise can be compared

to the GMSL rise at the end of the LGM

The Last Glacial Maximum (LGM) occurred about 19,000 years ago, when the GMSL was
about 80-120m lower than it is today. The end of the last glacial period was about 11,700 years ago,
that is, it lasted for more than 7,000 years. In those 7,000 years, global temperatures have risen by
about eight degrees Celsius. This allows us to estimate that GMSL will rise by more than 1m over
a period of 100 years. However, the situation is very different now, and since the Industrial
Revolution, the global temperature rise has reached nearly 1.5°C.

According to the findings of Osman, Denton et al. (Osman. 2021) (Denton, Anderson &
Putnam. 2010), the global temperature and GMSL changes have been relatively flat for more than
10,000 years, but in the past 100 years, that is, since the Industrial Revolution, the global
temperature has suddenly risen sharply by nearly 1.5°C, and such a large temperature increase
actually corresponds to the temperature increase more than 1000 years after the end of the LGM. In
other words, temperatures are rising at least 10 times faster than they have since the end of the LGM.
If we take into account the rise in GMSL caused by the rise in atmospheric temperature over the
past 100 years, which can be approximated linearly for the entire physical law, it means that the
current GMSL rise rate will be 10 times higher than the GMSL rise after the end of the LGM. This
means that if the GMSL rises by more than 1 meter every 100 years in the end of LGM, then at the
rate of global temperature rise since the Industrial Revolution, sea levels should now rise by more
than 1 meter every 10 years and by more than 10 meters every 100 years. Of course, the very

complex interaction between the Greenland and Antarctic ice sheets and global temperatures means



that the rate of increase will be slower in some years over the course of the century. The slower rate
of rise does not mean that these ice sheets, which have less melt, will not be compensated for in the
future. Conversely, uneven rates of sea-level rise can lead to more dramatic changes in climate and
geology.

From the above analysis, we can also see that during the GMSL rise after the end of the LGM,
GMSL rise of 1 meter per 100 years means that the GMSL rise is 1 centimeter per year. The current
rate of GMSL rise, measured by relatively accurate satellite measurement techniques, is only a few
millimeters per year. In other words, if the GMSL rise is measured to exceed 1cm in a given year, it
means that the rate of GMSL rise may soon exceed the rate of GMSL rise after the end of the LGM.

Of course, GMSL rise is uneven, with some regions seeing even greater GMSL rise. For
example, CNN reported that the GMSL of the Pacific Ocean off the coast of China rose by 0.94cm

from 2021 to 2022 (Gan. 2023). This is very close to the level of GMSL rise at the end of LGM.

3 The macro model of ice floes and ice sheet

dissolution

3.1 Factors influencing the dissolution of ice sheets and the

establishment of the model

3.1.1 Factors influencing the dissolution of ice sheets

The first thing that can be determined is that the amount of heat generated by human activities
is much smaller than the amount of heat radiated to the Earth by sunlight. Therefore, if the

atmosphere, ice sheets or ice floes, seawater or rocks are considered as a system, the temperature of
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the entire Earth is essentially constant while the radiation energy received from the sun is unchanged.

Of course, the carbon dioxide produced by human activities prevents infrared heat from radiating

out. However, carbon dioxide also prevents the infrared rays contained in the sun's rays from

radiating into the Earth. Considering that the energy of solar radiation is greater than that of the

earth, this is the basic reason why the earth has been cooling for billions of years. Therefore, the

infrared part of the energy contained in the solar radiation energy also has the same law. So we

believe that the two are essentially equivalent.

Of course, in the case of Venus, the concentration of carbon dioxide in the air is very large, so

itis basically difficult for the radiant energy of the sun's rays to reach the ground, and relying entirely

on the heat inside Venus for heating, the temperature of the surface of Venus can reach 400 degrees

Celsius. From the heat conduction equation, it can be estimated that the time required to heat the

surface of the planet by heat conduction alone will be calculated in millions of years. At present,

more than 100 years have passed since the industrial revolution of mankind. Therefore, it is certain

that the current cause of atmospheric warming is not only the greenhouse effect caused by carbon

dioxide produced by human combustion of fossil fuels, but also the heat generated by human

activities is also the direct cause of global warming.

So we can understand this earth system in this way, because the magnitude of the thermal

conductivity is in order

Rocks > ice > seawater > atmosphere

It can be seen that when the global temperature rises, the heat released by human activities

heats the atmosphere, causing the temperature of the atmosphere to rise. Heat from the atmosphere

is transferred to seawater, land rocks, ice sheets and ice floes in the Arctic and Antarctic by means



of convective heat transfer. This heat is further transferred to the Earth's interior until it reaches
equilibrium with the heat released from the Earth's core. In this way, it is relatively clear that it is
mainly the convective heat transfer from the atmosphere and the oceans that causes the dissolution
of the Arctic and Antarctic ice sheets or ice floes. The process by which atmospheric convective
heat transfer heats ice sheets or ice floes is relatively certain. However, if there is less seawater and
the flow velocity is relatively low, the convective heat transfer effect of seawater will be weaker.
Especially for the Arctic ice floes, the sunlight shines through the ice floes into the seawater, first of
all, the ice floes absorb a lot of heat, and the heat used to heat the sea water is relatively small.
Therefore, it is expected that the direction of convective heat transfer in seawater and the direction
of convective heat transfer in the atmosphere will be opposite. That is, the ice floes provide heat to
the seawater, which slows down the dissolution rate of the ice floes.

From the perspective of thermodynamics, the transfer of heat mainly involves two modes:
convective heat transfer and heat conduction. Convective heat transfer is caused by the flow of
fluids. It is related to the material and flow rate of the fluid. The heat of convective heat transfer can
be analyzed using Newton's laws of cooling. namely

dQ
T hAAT
Wherein: Q is the heat transfer by convection, /4 is the convective heat transfer coefficient, and

T is the temperature difference.

Heat conduction, on the other hand, can be calculated using Fourier's law. namely

dQ  dr
ar ix

where « is the thermal conductivity, 4 is the area of thermal conduction, and x is the distance

of thermal conduction. From the comparison of these two formulas, since the thermal conductivity



per unit length is much smaller than the convective heat transfer coefficient, ie
K
h > E

The amount of heat transferred as a result of heat conduction will be much smaller than the
heat transferred by convective heat transfer. For air, if the velocity of its flow reaches 10 m/s, its
convective heat transfer coefficient reaches h = 37Wm~™2K 1. The thermal conductivity of air
Kk =~ 0.024~0.028 Wm~1K 1. That is, the heat due to convective heat transfer is much greater than
the heat from the slow heat conduction of air. The same is true for seawater. For example, the thermal
conductivity of seawater is about x ~ 0.6 Wm~*K~1, and the thermal conductivity of seawater per
unit length is much smaller than the convective heat transfer coefficient of air. Therefore, in the
presence of convective heat transfer in fluids, the heat transfer is mainly based on convective heat
transfer.

In this way, we can analyze in detail the factors affecting the Arctic and Antarctic ice sheets or
ice floes, which mainly involve the following aspects:

1. Convective heat transfer and heat conduction of air

First of all, we should make it clear that the thickness of the atmosphere is 100 kilometers
relative to the ice sheet of Greenland or the Antarctic continent, so the thickness of the atmosphere
is relatively non-negligible. The greater the thickness of the atmosphere, which means that warmer
air from farther distances is easier to flow over the South and North Poles. Of course, since the
specific heat capacity of air is much smaller than that of seawater, this also means that the heat
carried by the air is transferred to the ice sheet and cools down quickly. However, because the
atmosphere flows at a relatively fast speed, hot air from the equator will quickly replenish the heat.

Especially when there is turbulence throughout the atmosphere, such as the occurrence of El Nifio,



the efficiency of convective heat transfer will be higher. Therefore, the heat transfer affecting the
Arctic and Antarctic ice sheets or ice floes is mainly based on the convective heat transfer of air.
The heat conduction of air is essentially negligible.

2. Convective heat transfer and heat conduction of seawater

At room temperature, the convective heat transfer coefficient of seawater is about h =
50~500Wm~2K~1, which is larger than that of air. However, the depth of the sea beneath the Arctic
ice floes is only about a thousand meters. This depth is not large compared to millions of square
kilometers of ice floe. In addition, considering that the relative movement of sea ice and seawater
is relatively slow, the exchange between the seawater under the Antarctic ice floe and the seawater
outside the ice floe is not very frequent, so the temperature of the seawater below the ice floe will
basically remain relatively stable. Of course, these seawater also generate some ocean currents, so
the heat exchange of convective heat transfer is much greater than the heat conduction. However,
this convective heat transfer is mainly to take away some of the heat from the inside of the ice floe
and slow down the dissolution rate of the ice floe.

3. Heat conduction of rocks

Rocks do not flow, so they transfer heat mainly through heat conduction. When the temperature
of the entire earth system is relatively stable, the temperature inside is higher the further you go
towards the inner core of the earth. Therefore, the temperature on the surface of the rock contact
with the sea or ice sheet should be relatively low. However, as global temperatures rise, the ice
sheets are heated, and these heated ice sheets transfer heat to the rocks below. But if the heat is
transferred only by heat conduction, it takes a very long time. Using the heat conduction equation,

it can be estimated that it will take about several hundred years for this heat to be gradually



transferred to the interior of the rock. However, for the ice sheet in Greenland or the Antarctic
continent, when the ice sheet is dissolved by air convection heat transfer, a large amount of thick
meltwater from the ice sheet will fall to the bottom of the ice sheet, and a very large glacial lake will
form at the bottom of the ice sheet. The temperature of these glacial lakes will be relatively high,
which can release a certain amount of heat to reduce the temperature gradient inside the rocks, which

in turn will alleviate the dissolution of the ice sheet to a certain extent.

3.1.2 The macro model

From the analysis in the previous section, it can be seen that the factors influencing the
dissolution of the Greenland and Antarctic ice sheets are mainly the convective heat transfer of air,
while seawater and rocks can alleviate the dissolution of the ice sheet to some extent. Based on such
a consideration, we can build a very macro model. In this model, we can ignore the differences in
temperature in different parts of the Earth's atmosphere as a whole. In addition, considering that the
area of the North and South Pole ice sheets is relatively large, we can use a relatively simple one-
dimensional model, and the coordinate axis is the conduction of heat along the radial direction of
the earth. This macro model allows us to ignore the influence of many details.

Of course, we can also use a very complex model. Considering that the thermodynamic
mechanisms by which the ice floes and ice sheets of the entire Earth interact with other Earth's
materials, etc., are so complex, very complex differential equation models may be required to
describe them. The advantage of this sophisticated model is that it is possible to detail the impact of
every tiny factor on the ice sheet. For example, the change of salt concentration of seawater caused

by the freezing and dissolution of ice floe on the sea surface, and the change of salt concentration



affects the change of temperature gradient in seawater. However, this kind of detailed description

can easily lead us to pay too much attention to detail and ignore the changes at the macro level.

Unlike today's geophysics, which is mainly about the fine structure of the earth, global warming is

a much more macro problem. At a very macro level, if there are too many details involved, like

when we use Newton's laws, we also have to consider what shape the wave function of the electron

is, which can make the whole problem very complicated.

Therefore, the model used in this article will be kept as simple as possible. The advantage of a

macro model is that it allows us to address climate change at a much macro level.

The simpler macro model also means that our model is more scalable, which means that if we

find that there are various fine structure problems involved in the earth's climate change in the

research process, then we can use the macro effects generated by these fine structures to make

appropriate modifications to the model, so that the conclusions drawn by the model can better

describe the real problems. It's like the tunneling effect of quantum mechanics, and the macroscopic

effects it produces allow us to make macroscopic instruments like the Josephson interferometer.

Of course, a simple macro model has the advantage of being easy to modify. In other words,

when we use such a macro model to solve a problem, we can easily find the problem when we

encounter trouble. For example, in this model, we currently ignore the heating effect of seawater

and rocks on ice floes or ice sheets. In the future, if there is sufficient evidence to prove that the

heating effect of seawater or rocks on ice floes or ice sheets is very significant, then it is sufficient

to add two factors: seawater and rocks to this model.
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Fig. 1. Effect of atmospheric convective heat transfer on ice sheets or sea ice

The structure of the whole model is shown in Fig. 1, where we can see that the atmosphere acts

as an infinite heat source to provide persistent heat to the Arctic ice floes or ice sheets. The effect of

this infinite heat source means that the heating of the ice floes and ice sheets in the Arctic and

Antarctic will not cause the temperature of the atmosphere to drop significantly. Of course, this is a

more idealistic state. Because when the global temperature rise is not very large, the ice floes or ice

sheets of the Arctic and Antarctic can adjust the global climate appropriately. In other words, when

global temperatures rise, the cooling effect of the Arctic and Antarctic ice floes and sheets can keep

the global temperature at the right temperature. This may also be the reason why the global

temperature did not rise significantly in the early days after the start of the Industrial Revolution.

However, if we stretch the time span very long, to decades or even hundreds of years, then the

temperature of the atmosphere will always maintain an upward trend due to the continuous heating

of the atmosphere and the greenhouse effect of carbon dioxide, and it will be difficult to reverse it
11



in a short time. The dissolution of ice floes and sheets is relatively disposable, which is why we can

think of the entire global atmosphere as an infinite source of heat.

On the other hand, through calculations, we can find that the thermal conductivity of seawater

or rock is very large, about 10-50 times that of air. In other words, the temperature is easily

maintained in the atmosphere. However, if this temperature is absorbed by the ice floes or ice sheets,

the heat is quickly transferred to the seawater or rocks. These seawater or rocks are connected to the

sphere of the whole earth. The size of the Earth is very large, so even a 3°C increase in global

atmosphere temperature will not cause a significant increase in the temperature of the entire Earth's

sphere. So we can think of the seawater and rocks on Earth as a thermostat. In other words, its

temperature is largely unaffected by the rise in global climate temperatures. Of course, there is

already evidence that the average global sea temperature is also rising rapidly. Without a continuous

supply of heat and the effects of atmospheric greenhouse gases, this rise is likely to be short-lived.

If there is not enough heat supply, then the heat of the seawater will spread out through the rocks on

the seabed, eventually lowering the temperature of the seawater. Of course, the thermal conductivity

of seawater is somewhat smaller than that of rock. The thermal conductivity of rocks is about three

to four times that of seawater, which means that the temperature in seawater can be maintained for

a relatively long time.

Therefore, the rise in the temperature of the seawater, especially the Arctic seawater covered

by ice floe, absorbs less energy from the sun, and we think it is a passive warming process. It must

heat up more slowly than the ice floes. Under conditions where there is not enough sunlight in the

Arctic and Antarctic, the effect of sunlight heating the seawater will be much less. At this time, the

heat in the atmosphere is mainly used to heat the Arctic ice floes by means of heat transfer, and then
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transfer this heat to the sea water below the ice floes.

From the results of the following calculations, we can see that such an estimate is basically
reasonable. Our current model is like ice cubes placed on a shallow plate in a room, and then there
is a forced convection in the air at a wind speed of about 10 meters per second. There is also a stove
in the room to heat the whole room. In this way, we can see that the water dissolved by the ice cubes
will remain on the plate at the beginning, but once the water of the ice cubes has dissolved to a large
amount, the water will overflow and flow to the floor of the whole room, which is equivalent to the
GMSL starting to rise.

With such a simplified model, it is easier to calculate the impact of global atmospheric warming
on the melting of ice floes and ice sheets in the Arctic, Greenland and Antarctic. The fluidity of the
atmosphere under consideration is very strong, so the way the atmosphere transfers heat to the ice
floe and ice sheet is mainly convection. Here we can use Newton's laws of cooling to do the
calculations. The parameters are also relatively easy to determine. For example, from some studies,
we can find that the wind speed in the Arctic is generally about 10m/s, so the convective heat transfer
coefficient can be determined to be h = 37Wm~2K 1. The thermal conductivity, specific heat
capacity, and density of substances such as ice and air are all known, so the whole calculation
process is very simple and straightforward. Let's start with an analysis of the dissolution of Arctic
ice floe. The results of the calculations are basically consistent with the actual observations. This
also verifies the correctness of this model to a certain extent. Then we applied this model to the
dissolution of the ice sheets in Greenland and Antarctica. Estimate the rate of dissolution of the

Greenland and Antarctic ice sheets.
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3.2 The rate at which Arctic ice floes dissolve

Judging from the dissolution of Arctic ice floe, in 1988 the area of Arctic ice floes over four
years old reached A=3.12 million square kilometers. By 2019, the area of ice floes with a life span
of more than four years was only 89,000 square kilometers (NASA Scientific Visualization Studio).
In other words, more than 3 million square kilometers of Arctic ice floes that are more than four
years old have dissolved in 31 years.

According to NASA data (SMD Content Editors): between 1988 and 2019, global temperatures
rose by approximately 0.93-0.31=0.62 (°C). We can approximate the rise in temperature during this
period as a linear rise process, so that

0.62

— bt — _ -10
AT =kt = 315 365 x 24 x 3600 ~ 0342 X 1077t

Of these, 31 represents the 31-year period from 1988 to 2019.

In addition, when heat is fed into the ice floe, the ice floe dissolves. Considering that the ice
floes are very thin, the area of the ice floes will be reduced. In this way, the relationship between
the heat absorbed and the area of the ice floe is:

dQ = —H,;dM = —4H,rpdA

The thickness of the ice floe is 4 meters. The minus sign reflects the decrease in heat in the air
that causes the ice floes to dissolve. Where A is the area of the Arctic ice floe, M is the mass of the
Arctic ice floe, Q is the heat absorbed by the ice floe. H,s is the pyrolysis of ice, p is the density
of ice. Then we consider Newton's law of cooling

d
d_(g = hAAT

Since the Arctic wind speed can generally reach 10m/s, a relatively large air convection heat

transfer coefficient h = 37Wm 2K~ can be used.
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We have
—4H,ppdA = (0.62hA x 6.342 x 10~1°t)dt
Then we can get
InA — InA, = —5.44 x 107 18¢2

Here we set 1988 to t = 0. A, is the area of ice floes in the Arctic that were more than four

years old in 1988. So
A = Ayexp(—5.44 x 10718t2) = 1.65 x 101°(m?) = 16500(km?)

In 2019, only about 89,000 square kilometers of Arctic ice floes remained (NASA Scientific
Visualization Studio). Considering that there may be other factors involved, such as the role of the
relatively new ice floe in the surrounding area to absorb heat, the convective heat transfer of
seawater also absorbs a large part of the heat in the ice floe, which leads to a decrease in the amount
of'ice floe dissolves, this result is largely consistent by orders of magnitude.

This also proves that the main cause of the dissolution of ice floe or ice sheet is the convective
heat transfer of air. The temperature rise or melting effect of ice floes or ice sheets caused by heat

conduction in seawater and rocks is very weak.

3.3 Estimation of the rate of dissolution of the Greenland ice

sheet

We can borrow the dissolution model of the Arctic Ocean ice floes to estimate the rate of
dissolution of the Greenland ice sheet. This is because the Arctic ice floes are underneath seawater,
while the Greenland ice sheet is rocky underneath. Except that seawater can flow and is therefore

able to transfer heat by convection to some extent, the other properties are basically the same. In
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addition, considering that the Greenland ice sheet is more than 1,000 meters thick, it can be seen
from the above estimates that the heat in the atmosphere is basically only consumed in the ice sheet,
and the amount of heat transferred to the rock is negligible.
The amount of heat from atmospheric convective heat transfer can be estimated using Newton's
law of cooling.
aqQ
T hAAT
Considering that the loss of ice sheets in Greenland and Antarctica during a period of limited
temperature rise is relatively small and does not result in a significant reduction in the area of the
ice sheet, so we can assume that area A is essentially constant.
Since the surface of the Greenland ice sheet is not completely flat, the actual surface area is
A, larger than that covered by the Greenland ice sheet. Take Ay = 1.3A. From the empirical formula
of air convective heat transfer coefficient, we can obtain air convective heat transfer coefficient h =
37Wm™2K1,
Among them, the Greenland ice sheet covers an area of 1.834 X 1012m?
Ice volume in Greenland is 2.75 x 101°m3

In this way, according to the global atmospheric warming of 1.5°C, the heat brought by the air

can be reached

anir

it ~37x 1.3 x1.8x 102 x 1.5~ 1.3 x 10 (W)

Therefore
AQuir ~ 1.3 X 10MAt
Considering that the total mass of the Greenland Ice Sheet is M = 2.75 X 108, the time
required to dissolve the entire Greenland Ice Sheet is
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_ MH,, 2.75x 1018 x 3.341 x 10°

At =
AQuir 13 %1014

~ 7.07 X 10%(s) =~ 224(years)

This seems to be a long time. However, considering that only 1/10 of Greenland's ice sheet can
cause GMSL to rise by 0.7 meters, that is, Greenland's ice melt will cause GMSL to rise by about
0.7 meters in about 22 years. This also means that by around 2046, GMSL could rise by nearly one
meter since the Industrial Revolution as a result of Greenland's melting ice. This is a considerable
increase. And we are not taking into account the possible exponential rise in global temperatures
here. If global temperature rise accelerates in the future, it means that the Greenland ice sheet will
dissolve faster. However, these estimates are based on a 1.5-degree rise in global temperatures, with
the temperature difference between the atmosphere and the ice sheet remaining unchanged. But in
fact, when the ice sheet dissolves to a certain extent, the temperature difference between the
atmosphere and the ice sheet will gradually shrink and reach an equilibrium, at which time the ice
sheet of the Arctic and Antarctic will no longer melt and grow, and the GMSL will stabilize.

Let's take a look at the water storage capacity of Greenland's glacial lakes. If the global
temperature rises by 1.5°C and is maintained, the amount of ice melt in Greenland per year due to

air convection heat transfer will be

_ AQqyr _ 1.3 x10™ x 31536000
Hyf 3.34 x 105

m ~ 1.23 x 10 (kg)

According to NASA, the current mass of Greenland's ice sheet flowing out of the ocean per
yearis 2.67 X 10*kg

It can be seen that after the Greenland ice sheet dissolved, most of the meltwater did not flow
out into the ocean. This part of the unflowing ice sheet meltwater is usually stored in Greenland in
the form of glacial lakes. If the ice sheet dissolves further, once the volume of water in these glacial

lakes is large enough, it can cause the glacial lakes to burst their banks, creating very large floods.
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Of course, if global temperatures drop, these glacial lakes will re-condense into ice caps.

This is the same effect as the construction of many dams in the sixties and seventies of the last
century, when major countries in the world built. According to the results of existing studies, the
rate of rise in GMSL as a whole did slow down significantly in the sixties and seventies (Frederikse,
Landerer & Wu. 2020). This has to do with the dam's role in storing water. In addition, after the end
of LGM, a large number of glacial lakes formed on the Qinghai-Tibet Plateau in China also have a
relatively strong water storage effect, thereby slowing down the rise of sea level. At present, there
are many geological relics of such glacial lakes on the Qinghai-Tibet Plateau. For example, the
Tarim Basin covers an area of 400,000 square kilometers. If much of the Qinghai-Tibet Plateau was
covered by glaciers during the last glacial period, the meltwater from the glaciers would form an
inland lake in the Tarim Basin that is larger than the Caspian Sea. And if the dam fails, it will cause
very large floods in the middle and lower reaches of the Yangtze River in China.

We can refer to the area of the Tarim Basin to estimate the maximum water storage of the
glacial lakes in Greenland. Based on 400,000 square kilometers and a water storage depth of 1,000
meters, the weight of water that can be stored is

m; = 40 x 101% x 1000 x 1000 = 4 x 1017 (kg)

That's about 1/6 of the entire Greenland ice sheet. If all of this water were to flow into the
ocean, it should raise GMSL by about 1 meter.

With global temperatures rising by 1.5°C and maintained, the amount of ice melt remaining in
Greenland is about 1.23 X 10%®kg per year, which means that these glacial lakes can be filled with
meltwater from the ice sheet in about 32.6 years. Under the condition that the glacial lakes of
Greenland can no longer hold more glacial meltwater, the amount of ice melt from the ice sheet will
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cause the sea to rise by 3.4 centimeters per year.

3.4 Dissolution trends of the Antarctic ice sheet

The area of the Antarctic ice sheet A4 = 1.24 X 103m?, the total mass of the ice sheet is
2.45 x 10%kg, and the global temperature warms by 1.5°C, taking Ag = 1.3A. Take the air
convective heat transfer coefficient h = 37Wm™2K 1, according to the above calculation formula,

the annual heat conduction of the atmosphere to the ice sheet is

d .
% ~ 37 x 1.3 x 1.24 x 103 x 1.5 = 8.95 x 1014())

The time it takes for the Antarctic ice sheet to dissolve completely

_ MH,; 2.75x 10" x 3.341 x 10°

At = =
AQui 8.95 x 101*

~ 8.4 X 1019(s) ~ 266(years)

At 1.5°C of global warming, the annual dissolution mass of the ice sheet in Antarctica due to

air convection is

_ AQqir 895 x 10™ x 31536000
T Hyp 3.34x 105

m ~ 8.44 x 10'°(kg)

Since the total dissolution of the Antarctic ice sheet can raise sea levels by about 60 meters,
over a period of about 27 years, sea levels may rise by about 6 meters due to the dissolution of the
Antarctic ice sheets.

Combined with the dissolution of Greenland's ice sheet and the dissolution of other continental
glaciers, it is still very likely that GMSL will rise by about 7 meters by about 2050. Of course, this
is without taking into account the effect of glacial lakes on the Antarctic continent.

Based on the rise in GMSL after the end of the LGM, a global temperature rise of 1.5 degrees

means that the limit of GMSL rise is about 15 meters. This means that when the GMSL reaches

about 15m, the dissolution of the ice sheets in Greenland and Antarctica will reach a dynamic
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equilibrium, and excess meltwater will no longer be discharged into the ocean.

Of course, the above estimates do not take into account the effects of glacial lakes in Antarctica.
Therefore, let's estimate the water storage capacity of Antarctic glacial lakes.

Considering that about half of Antarctica is plain, this is somewhat similar to the topography
of Chinese mainland. Therefore, it can be estimated in terms of the area of the Qinghai-Tibet Plateau
in China. Assuming that the area of Antarctica that can form glacial lakes is about 2 million square
kilometers, and it can store 2,000 m of water, then the amount of water can be reached

m; =200 X 101° x 1000 x 1000 = 2 x 108(kg)

It takes about 23.7 years to fill these glacial lakes with water. After that, all the meltwater from
Antarctica began to be gradually discharged into the ocean. With an annual displacement of
8.44 x 10'%kg, the ocean can rise by 23.5 cm per year. Unless global temperatures stop rising after
that, the risk of dam failure of glacial lakes is always there.

Therefore, between now and 2057, the annual inflow of small amounts of glacial meltwater
into the oceans will be mainly through glaciers river. Because Greenland has a longer coastline than
the Antarctic mainland, Greenland will export about twice as much glacial meltwater as Antarctica.
After 2057, the GMSL rise will gradually increase to 23.5 centimeters. In about nine years, the
glacial lakes of Greenland will also fill in, after which GMSL rise will reach 27 centimeters. In other
words, in about 20~30 years, we will probably see the GMSL rise by at least 1m or more than the
current level, and the rate of rise will be accelerated rapidly. GMSL rise will rise rapidly to around

6 meters by about 2080.
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4 A proactive response is needed now

Given the magnitude of the problem, we believe that in some areas at risk of climate change,
it is time to take immediate and proactive responses. China's southeast coast is at the highest risk.
In ancient times, after the melting of the Antarctic and Antarctic ice sheets, the entire North China
Plain and the middle and lower reaches of the Yangtze River were believed to have been submerged
by seawater, just like the East China Sea is now. As things stand, humanity should not be able to
effectively curb the rising global temperature. The probability of sea level rising by more than a
dozen meters or even tens of meters is very high. Therefore, China could consider starting to design
a planned dam about one kilometer wide within the current coastline of the southeast coast, and
gradually increasing the height as sea levels continue to rise.

Of course, building such a dam would certainly increase greenhouse gas emissions, but we
believe that the additional greenhouse gas emissions are well worth it compared to the greenhouse

gas emissions generated by rebuilding dozens of cities.

5 Conclusions

Available data confirm that global temperatures are now rising ten times faster than they have
since the end of the LGM. This also means that the rate of GMSL rise could now also increase by a
factor of 10. After the end of the LGM, the GMSL rise of 1m every 100 years corresponds to the
current GMSL rise of 1 meter per 10 years. The rate of GMSL rise is very fast. Surely why aren't
we seeing such a large GMSL rise now? In fact, available data suggest that the current rise in GMSL

since the Industrial Revolution is only nearly 30 centimeters. This should have something to do with
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the thermodynamic mechanism of the Antarctic and Greenland ice sheets. Because The Greenland

and Antarctic are very large and the lands are uneven, and it is easy to form very large glacial lakes

that can temporarily store some of the glacial meltwater, thus limiting the direct discharge of glacial

meltwater into the ocean. On the other hand, the rise in global temperature since the Industrial

Revolution has been relatively stable, not suddenly rising to nearly 1.5 degrees. This means that in

the process of gradual accumulation of temperature, it will not be able to have a more serious impact

on the Greenland and Antarctic ice sheets immediately. On the contrary, the Antarctic ice floes and

ice sheets can also regulate and stabilize the temperature of the global atmosphere to a certain extent.

That's why GMSL aren't rising as fast at the moment. However, for some nonlinear physical

phenomena, if certain critical points are breached, a very large and rapid GMSL rise process may

be imminent. Such a rapid rise in sea levels would be catastrophic. From our analysis, this inflection

point could occur around 2057, when the glacial lakes of the Antarctic continent have been filled

with meltwater.

In addition, the rate of GMSL rise should be of particular concern if it exceeds 1 centimeter

per year. This is because this rate has exceeded the average annual rate of GMSL rise after the end

of the LGM.

From the estimates in this paper, it can be seen that at a global warming of nearly 1.5°C, it

could melt away 20% of the Greenland and Antarctic continental ice sheets in about a few decades.

This rate of melting is at least ten times faster than the rate at which ice sheets dissolve after the end

of the LGM. Given the rapid rise in temperatures since the Industrial Revolution, this conclusion is

reasonable.

Of course, there is a premise for this conclusion to be true, that is, if the global temperature in
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the next few decades can maintain the current 1.5°C increase compared to the pre-industrial
revolution, according to the dissolution of the ice sheets during the last glacial period, the GMSL
corresponding to the limit dissolved ice will rise to about 15 meters and stop rising. However, in
view of the current acceleration of the global temperature rise, it is believed that the global
temperature will rise by more than 3 degrees Celsius in the future, which is also a very high
probability. In this case, it is also possible that all the ice sheets in the Greenland and Antarctic will
melt due to uncontrolled warming. Naturally, the challenges to human society will be greater.

Compared with other studies, the advantage of our model is that it is a very macro model.
Therefore, the influence of various details can be minimized as much as possible, allowing us to
pay more attention to the essence of the problem. Of course, this article only makes it clear that
tackling the accelerating rise in sea levels is an urgent task facing humanity, and that we need to
start acting now. This may involve very large migrations of people, or it may involve the
construction of very large coastal dams. However, we believe that no matter which plan it is, it
should reach the stage where it can be implemented immediately.

The shortcomings of this study are also obvious. The first shortcomings of this study are
whether it is appropriate to compare the current rate of GMSL rise with the amount of GMSL rise
after the end of the LGM. If there is a nonlinear relationship between the rise in global temperature
and the rise in sea level, it may involve more complex physical laws. Secondly, in comparison with
the rise in GMSL after the end of the LGM, a global temperature rise of 1.5°C could consume about
20% of the ice sheet in Antarctica and Greenland, resulting in a GMSL rise of about 15 meters.
However, from the above analysis, it can also be seen that the glacial lakes above Antarctica and
Greenland also have a very large water storage capacity, reaching 2.4 X 1018kg. This is equivalent
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to a GMSL rise of 6.67 meters. Therefore, if the water storage effect of glacial lakes is subtracted,

the eventual rise in GMSL caused by a temperature rise of 1.5°C could be only about 9 meters. We

also do not take into account the weight of glacial lake meltwater accumulated between the

Industrial Revolution and around 1988, which could lead our calculations to underestimate the

impact of glacial lake dam failures on GMSL rise. Of course, since this is a macroscopic model, we

do not fully consider the fine structures involved in some geophysics. Therefore, there may be a

relatively large error in the results. This means that there should be plenty of leeway to implement

measures to combat GMSL rise based on our research.
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A = Agexp(—5.44 x 10718¢2) = 1.65 x 10°(m?) = 16500(km?)
RS RHEMER, b

=3

2019 F, JEROFIKRFITLY 89,000 F5AE M, FRE|0]
¥

BB AR BT A KRR R AERER, KRR ERBRIE T KPR HE,
RXNMERBEFUARFNEREBER EEA—E

BTARBERD,
MR . KA WS 3R

XAIER, KK ERBNTER

S
DL

A KSR ERN ORI ERAEE 5.

3.3 REKEARABRENHE

LR AT

BATH RUE R AEKOF KRB AR R R A EARR Z BIK SRR REE A
EEBK, MERZKETHEER. BKEY LIRS, FitgEBE—EEE LBENRE

BHMEI, BERIEEZIKENEEBIL 1000 X, N ERBEITHTIUFE, KSFHH
BEAREREKSEFERE, EERERANAETUBRAIT.
REXTRER T ERE T UERF UL EERMAIT

dq
— = hAAT
a "

ZIREIRRR = B MBI ER RIDEHEDKERIRE BN RN, AR SEUKEEIR

MEZRELD, FARFMNTURRER A BEXARERE.
HTHRERZIKENTRAFATETE, FWERREREARR ZIKEE S HREIRA

BER. W Ay =134 REBRZBIKFRENONERD 10m/s, T UR=SIRERFRE

h =37Wm™2K™1.
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Hrh, BERZIKEESEIRA 1.834 X 1012m?
WEZEHKESR 2.75 x 1015m3

XA, RIEEIRARNTELE 1.5°C, TRUARIZSTHRNAE

anir

= 37 x 1.3 x 1.8 x 1012 x 1.5 » 1.3 x 101*(W)

Il
AQgir ~ 1.3 X 10M4At
EZRIIEREZDKENRREAN M =2.75x 10", BAERREZDKERLIEFTE

RERIEE

_ MH,p 275 10'® x 3.341 x 105
© AQuir 1.3 x 1014

RUFE—RBKONE. BR FERIIRIARRISKEN /10 REABRHATUS

At ~ 7.07 X 10%(s) ~ 224(years)

B GMSL L7t 0.7 K, hstR@ik, K4 22 R, RRZBHIKZRATINGE GMSL
FELEFE 0.7 K, ZUBKRE, B 2046 FL£FH, RINBTHRRZE0KERK, BTVE
UK, GMSL TR FFHE—K, X2—MEHK EFRE. mBERNXBEEEREIEK
UEURERBR LT, MRRKERVELFINR, XBRERRZIKEHERILELL.
A, REMUTEETERTURLA 15 B, MASMKEZBHEZRFAENFMHT
FHMNER., EXfFLE HKEERI—EREN, KSMKENEESENME NHAEIF
&, XEIERAMBERAKERAERAMEK, GMSL BRRETX.
BBREERRZSKIANEKEN . IREXVELT 1.5°C HFREFTX, M

AR ZSEFHTE N RERMEBLAIKER X

_ AQqir _ 1310 x 31536000
Hyy 3.34 x 105

=R NASA MBI, BRERZESFRKESTBAAKRENMRNRERAAN

~ 1.23 x 10 (kg)

m

2.67 x 10'*kg
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BRI, ER=2KERLE, KEDBMLEKIFZERNEE, XD RENAK

ERUKEE UK EEERREZ S MRKEH AR, SEXEK) I 9K

BRWBR, METEKIHRRZIASR, MMsIZIEERRERHEKIEH. 28 MREXK

m B, XEEVK) IR E RS ALK &

ﬁ

X5 e 60 R 70 FRIFRFBERBEETFZKINOBRAMN RBAEHR
MR, GMSL BEM EAREERAHFERMEHFERPBIEENE 'Y, XTaESAINE
BEKTTEMEREX. Ik LOM £ERE, FEEES REHNKEK) B ERREN
BKBUE, NMEZE TBFEMN L. B, TR LEFLILEK)HtuRE. f
an, EEARZHEIRA 400,000 FHAE., MRERS IR AT H X 78R K KT HAH K
NEE, BAKBKEEZEEARZBEA— M LEBEERAAMM. fan RIXHEE9K)I
PRI, B ECTR T XIS IEE KAYHK.

BT NS EEE AR A EIRRMAERR ZHK) IR KEKE. X 400,000 F
FIAEF 1,000 KOBKRE AR, MRZBK)IHTEFNKEMKREED K

me = 40 x 101° x 1000 x 1000 = 4 x 107 (kg)

EXRARBMRIRZKEN 1/6, MRAXLEKEBRNEF, TIUSE GMSL Ty
41 XK,

BEkE, £RRELF 1.5°C REBWMEMNFE, WREIHNFERRTTE, %
REBRAMKERMUEBLANEE 123X 10%g, IBRRBEXLIKZRKTINEKRL 32.6
F RN K FEAERRZ B RK) T E B NE 2 HKERUKRIER T, KERMLA

KERKRSE GMSL B#F EF 34 EX,
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3.4 BIRKENREES

FRKZMEIRAAZA = 1.24 x 10Pm?, BHRKENZREBRAA 245 x 10%kg,
HEEHRSEBELF 15°C £4T, XA A, =134 ZEFREAREN h=37Wm™2K™1,

RIELARTERR, BFEREKZNRESA

anir
dt

AEBKENMRKRZBHEREZNRLD, WXLEHRETME

~ 37 x 1.3 X 1.24 x 1013 x 1.5 = 8.95 x 10*())

_ MH,p 275 x 10 x 3.341 X 105
T AQuir 8.95 x 1014

B8]z P B R ABEFT B KSR R SRBATHREKSNE—DAER SFBUKEMK

At

~ 8.4 x 1019(s) ~ 266(years)

SZEREERD, IXSREDKENERE. BRI ER LRGN ERA, X
BERDONLERETRAEZIDKZOE—DERE. VESIKETE 1.5°C B, BRifK

SRR mEFENSHRERN

_ AQqir 895 x 10 x 31536000
T Hy 3.34 x 105

m ~ 8.44 x 10 (kg)

HTFERKENTEERETUEETAASA 60 K, FWAEKRY 27 FHEE, H
FTRRKENER BTEIRSLEAD 6 XK.

ZEEERZKEFMEMAEKAER, B 2050 44, GMSL HARRFTELFH
N7 K,

RYE LGM 45K/ GMSL (Y EF EFHRE, £IRVE LT 1.5 ERWKE GMSL EF

FURBRZY A 15 K. XBRRE, & GMSL XF| 15m AHR, WEZHMERMNKENS

LRSS, SROMICERBEHENEF.

LR, ERMEIFFREZERBERMNK) RO E, Bk, FHNEGET—TRRK)IHENE
JKEE 17

ZRIFERMNRAT—FEFR, XE5PEKRMEAEELRL. Fit, o MURERE
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e ROERKMGEE. RRBERMER SR FANEIRAA 200 TEHTAE, TJRUMEF
2000 KAGREIZK, AT UIRERKE R
m; =200 X 101° x 1000 x 1000 = 2 x 108(kg)

R, FEIRKERKIERZXEK)HMRARTE 237 F. aBzF, KREERKE
MR B BK FHAZEATHEN ¥ . BEMHEKE S 8.44 X 10%kg, ¥ HET LT 235 EXK,
BRIFEHRTUBEM ZFFIE LT, BRI MBS I5 47 7

Eitb, NILFEE] 2057 F, BFARRZSMBERAMKZEE D EK)IRUKBE KT,
HTRRZ BB FEEILEIRAMK, FHARKRZ SR H AR [RKKAZERMEPE.
2057 ff5, GMSL EFHEFARGINEISE 23.5 EX, BIAANER, BE=SHK
MR, 2/ GMSL EFHEEEARGE 27 BEX, ®e1HN, AXY 20~30 F/5,
BT ESEE GMSL LEERTAVKEERED Im HFEL, FFE EFFRESTEMR. 2

2080 LA, GMSL BilE FFHE 6 KAEH.

4 RMEFTERBEX

ETEBNTEN, BAHAN, E-ERFBRLAEHRANSHREBX, WNEST
BIREBGRIR N I HEIER AR T . FEKRREABNNRRS. iGN, BRNERKES
EfLE, BAMELTRMOIH Tt X 2S8R, EAENRE—. %A
RIRIERME, ARNIZTER B ERUE LT, BFE EFHJUKREE L KAHER
FES. A, PETUEEEBRNNEREASBFEARIT—EKAJLTAR, BA—-2A
EHRN, BENEE ST @S D FHEAEm,

LR, BERXHNARNEESBINEE AR, BRMNBE SEZR - IMHH~%

RURESAHERAELE, XMFOMYEE SEHIREIFEEER.
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5 &R

MBEHIRLSL, £RTEBELEFANEER LGM ERPIEATE. XthEKRE GMSL 18
FRKREIN A O REIE AN 10 5. LGM ER/F, 100 % 1 XH9 GMSL EF-BtNTF
BArE 10 £ 1 KA GMSL tFH. GMSL (Y EFAEREERIEFHR. HR, AFARMNA
ERBEEIMULKRIER GMSL LiKke? =X t, WALBIERE, BTV FEHUEK, GMSL
BRIMXEFATIE 30 EX. XNZ5EIRFERZEKENERANENHF X, BHEE
= BHAEIRMRKR, it ARTIE, RE BT R AIK) I, o DU B 77— LK) 1RRK,
MRS 7 A IBK EEHNEF. 5—7E, BT YEGMNEK, 2¥RSEN A —&HBY
RE, IFXBRALITENE 1.5 E. XBEWE, HEEFHRENISED, EARSILAINIE
BRESMERKE~EEENTW. BR, BRTKFKEhEE—ER2E LETRE
SHRAMEE. XMEHTA GMSL BREREBARERNREE . Rifn, NFIELEY
BIER, MREW 7 EEER S, WA EIEFT KB REN GMSL EFidR, &F
EL TR A EF R REM R RBRNNDT, IMERTREERE 2057 FEh, I
A R AR K [ A9 /K ) |8 B A ER /K IR

Iksh, MR GMSL M EFHREBISEE | EX, NNFFIE. X2EAXMEEE
Zi#BidT LGM 45HR/G GMSL HFIgaFEg KR,

MAXHEERTUEY, ESHREEER 1.5°C (BAT, ETMEARAJLHERR
& 20% FIMERE = BFEIRARKE. XFRIMLEEZE DL LOM SREKEMRMLEE
R4, £FTUVEGMRTENRE LF, IMEREEEN.

LR EMEREEIRN, BRRBNRAR/NHENERUBEBRITEFEL T

FEapl 1.5°C 7R, R4E LOM ERZ EKERNARIBEARE, X NARPRK Z A8 GMSL
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B EFE IS REAHEFELE LT, A, ETHIASKRSELANMR, BERKLKSE
EF 3CR—DIEERNOMR ., EXMERLT, RRZSMENNEKSthETEHET
AZEHNTEmMRE, AXHSHERNRERSEKR,

SHMMRAL, BNNRENIEET, ER— M FERUMNRE, FEit, TTIURT
RERDEMBTRENZW, ILRMNEMNOTEBAOAT. BANNARDIFFHIEL, MXE
FEMNE EARAXARNEEES, RNFTERERGITN. XUETRBEEEFTA
BEERRI. FATAA, TR2EENITR], EBRIZIAZI o] IXZRISEERIMER T .

IR BRAZ. AMRNE— RSB HEH GMSL EFHEES LGM
ZRER GMSL EFHBRRE#HITILER, XREFE? WIREKXKVELFSETE LAZEF
TEIEEMARR NS EEERMNYIEEE . HR 5 LGM £XR/F GMSL 8 EF4ALE,
SRR LT 1.5°C T RUBFERRNFIRR =52 20% KE, S5 GMSL EHEY 15
Ko ARg, M EAHTR ] IUEE, Rtk FIig R = 8 09K It B HIEE KRB KeE
RF] 24 x10'8kg. XIEETF GMSL EF 6.67 K., Fik, REEK)IHBEIE KR,
mEEF 1.5°C S8 GMSL MIRE EFATRERE 9 KEA. £=, BMBREEEET
WEFIRE] 1988 FAAZEIRZNK)IHRKNES, X0 SERMNVITEMRMSE 7K
NGRS GMSL EFREM. &5, ATFXE—MEWEL, BMNFIETLEERLE
WERIEF SR AEMEN . FAlt, ERPTEFERRKNRE., XRERERERNO

R, NIZHEBHOIERBESLEIERERNH GMSL 3K,
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