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The dependence of the solution on initial conditions is
Spring 2025 just as important as its dependence on time.
1:25 — 3:20 Tuesdays and Thursdays xeR", £eR", f:R" >R’

Blegen Hall 155 f= f(%)

intital value problem x(0)=¢&

Richard McGehee, Instructor p(n,s)=p(&,t+s)

X The initial value problem generates a flow
458 Vincent Hall " »
@:R"xR—>R
mcgehee@umn.edu with properties
www-users.cse.umn.edu/~mcgehee/ = N
intital condition ~ ¢(&,0)=¢ n=o(&)
"group property" q)((p(é,t),s):q,(f’t-#s) 13
If we start the system at state ¢ and follow the solution for time ¢, then
restart the system at the new state and follow the solution for time s,
we end up at the same state as starting at ¢ and following for time #+s.
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Classification of One Variable Linear Systems Classification of One Variable Linear Systems
Let's back up. Can we transform one linear equation into another with a
What is the classification of one variable linear systems? linear change of variable?
dx d d>
—=ax Doae o Lo
dt dt dt
stable rest point
a<0 sink —_— < degenerate
unstable rest point M
a>0  source ———— a<0 a=0 a>0

all points resting
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Classification of One Variable Linear Systems Classification of One Variable Linear Systems
Can we transform one linear equation into another with a Can we transform one linear equation into another with a
linear change of variable? linear change of variable?
ﬁzax to ﬁ:b)c? ﬁ:a)c to ﬂ:bx‘?
dt dt dt dt
Let's try. Let's try.
dx _ d& dx 4 .
X =C = —=C——=0aX=dac: X =C = —=g—=ax=aeq
d dt dt d d dt }/a,lt 1
Cancel c.
s
254
dt ¢
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Classification of One Variable Linear Systems

c ] | . N Algebraic Classification of
an we transform one linear equation into another with a . .
wetr ! quation | rwi One Variable Linear Systems
linear change of variable?

o B _peo L
dt dt
Let's t
s They are all different.
no change! x=c¢§ = —=gZ=ax=acf

V

Cancel c. /

Onlyifa=b!
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Algebraic Classification
Algebraic Classification of Two Variable Linear Systems
Example
dx dx d
o gTtE LB +4y These two systems "look the same" from a Tf ==
Z’ linear algebra perspective, because one can be dn
ly i i ==
Assume that there are two distinct eigenvalues for both 4 and B. —-=-2x+3y transformed to_the other with a linear dt n
dt coordinate change.
If the eigenvalues of 4 are the same as those of B, then the two systems ¥ n
are algebraically equivalent, i.e., one can be transformed to the other by a
linear change of variables. é
If the eigenvalues of 4 are different from those of B, then the two systems
are not algebraically equivalent, i.e., one cannot be transformed to the
other by a linear change of variables. X X 2 1ff¢ 4
¥y 1 1]|n
The situation is more complicated for double eigenvalues. .
7 Coordinate Change

10 11
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Algebraic Classification Algebraic Classification
Example Example
@ N . d dx — ox There is no linear coordinate daé =
a5, Thesg two system§ do not Ic!ok the same" from aé -_¢ dr change that transforms one dt
dt a linear algebraic perspective, becausg one dt dy system to the other. dn
dy _ 2y cannot be transformed to the other with a dn _ @ 2y Wh 5 a 1
a7 linear coordinate change. a7 y not?
v n

There is no linear coordinate
change that transforms one
system to the other.

X Why not? 4

Richard McGehee, University of Minnesota 2
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Algebraic Classification

Example
dx —2x There is no linear coordinate daé —_
eigenvalues  dt change that transforms one dt
22,2 dy _ 2y system to the other. dn _ .
dt Why not? dt

Let S be a nonsingular matrix, and let {1 = SF},
ZHEN ”
dt|y y \

Si ¢ :15 ¢ = AS ¢ — iF}:S"ASF}
dt\n| dt |n n dtn n

A and S”AS have the same eigenvalues.
Why?

14

eigenvalues
-1, 1
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Algebraic Classification
Back to Example

dx — oy There is no linear coordinate dé =
dt change that transforms one dt

dy system to the other. d.
b5y y: an_,
dt Why not? dt

0

There cannot be a linear coordinate change transforming
one system to the other system.

-2 0 -1 0
{ 2?| has eigenvalues —2 and 2, but |: 0 1?| has eigenvalues —1 and 1.
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Topological Classification

What do we mean when we say that two
systems look the same to a topologist?

& e opdogeyeougme? > %4 - p;
dt dt

These two systems are topologically conjugate if there is a

x = f(&) transforms % =Ax to & =B¢&.

Precisely what this means is beyond the scope of this course.

18
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continuous coordinate change taking one system to the other.
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A and S AS have the same eigenvalues.

Why?

Let A be an eigenvalue of 4 with corresponding eigenvector v,

and let S be a nonsingular matrix. Then

(574S)(s7v)=57"4(ss™ Jv=5"dv=5"Av=25"v = A(s7V),

so A is an eigenvalue of ™' A4S with corresponding eigenvector S™'v.

Therefore, if ? = Ax can be transformed to ? = Bx by a linear coordinate change,
t t

then 4 and B must have the same eigenvalues.

Math 5421 4
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E =-2x
dt

dy
)
dt Y
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Topological Classification

L
These two systems do not "look the same" dt
algebraically. dny _
— =
dt
v n
But they "look the same" to a
topologist.
x ¢
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Topological Classification

For one variable, all sources are topologically conjugate.

%:ax, a>0
Letx:‘u‘alz ut w0
‘“‘ 7(7u)a u<0

Math 5421 4/1/.
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Topological Classification

For one variable, all sources are topologically conjugate.

%:ax, a>0
Letvz‘u‘ai: v ux0
[l ()" u<o
dx _ a-1 du
us>0 u<0:;——a(—") “a
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Topological Classification

For one variable, all sinks are topologically conjugate.
dx

but not smooth at 0.

@ =-ax a>0
Let x = ‘u‘”i _ u” u>0
[l |=(-0)* u<o
dx —ydu dx _ a1 du)_ a-1du
u>0:;:0’“a ]E “<OZE*"1(’”) (’E]*“(’“) @
——ax=-au® =—au“u ——ax= 705(7(7“)“) = 7a(—u)"’l u
Continuous,
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Topological Classification of Two Variable Linear Systems

If neither eigenvalue has zero real part, then the system is called
hyperbolic, in which case, there are only three classes:

is negative.
Any two saddles are topologically conjugate.

positive, and the trace is positive.
Any two sources are topologically conjugate.

positive, and the trace is negative.
Any two sinks are topologically conjugate.

Nonhyperbolic sy are more complicated

@ Math 5421 4
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1. saddles: One positive eigenvalue and one negative. The determinant

2. sources: Both eigenvalues have positive real part. The determinant is

3. sinks: Both eigenvalues have negative real part. The determinant is
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Topological Classification

For one variable, all sources are topologically conjugate.

%:ax, a>0
Letx:‘u‘ai: " u=0
[l |~(-u)* u<o

de _ et du)_ o a-1du
weo: (e

—ax= a(—(—u)"’) ()

Continuous,
but not smooth at 0.
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Topological Classification for
One Variable Linear Systems.

dx
—=ax
dt

There are exactly three classes.
1. sources: (a>0) All sources are topologically conjugate.

2. sinks: (a<0) Allsinks are topologically conjugate.

3. degenerate: (a = 0) Only one case.

Math 5421
Dynamical Systems

Classification of Two Variable Linear Systems

sources

sinks




Math 5421

Math 5421
Dynamical Systems

Topological Classification

Sometimes, we only SOuIce
care whether a rest saddle

point is a sink, a
source, or a saddle.

trace
o

0
determinant

The determinant is the
product of the eigenvalues.
When it is zero, at least one

of the eigenvalues is zero.

‘When the trace is zero and
the determinant is positive,
the characteristic
polynomial is
A-6=0,
which implies that the
eigenvalues are purely
imaginary and therefore
have real part zero.
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Topological Classification: Degeneracies

one eigenvalue 0, the
other positive

hyperbolic

trace
e

both eigenvalues 0

one eigenvalue 0, the
other negative

0
determinant

/

hyperbolic

purely imaginary
eigenvalues

Math 5421
Dynamical Systems B
Topological Classification 1

Saddles : det < 0

trace/2

trace
=

determinant

determinant 2 B 0 1 2
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Topological Classification
Sources
det >0, trace >0 0

source
trace/2

trace
e

determinant —_ |

determinant 2 1 o 1 2

Richard McGehee, University of Minnesota
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Topological Classification
Saddles : det< 0

saddle

trace
=

0
determinant

Y
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Topological Classification

Sources
det >0, trace >0

saddle

trace
=

0
determinant

source

31
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Topological Classification
Sinks
det >0, trace<0 o

trace
=

source
trace/2

determinant

determinant 2 1 0 1 2
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trace
<
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Topological Classification

Sinks
det >0, trace<0

source

0
determinant
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Topological Classification

All sources look the same to a topologist.
Everything leaves.

Math 5421 4/1
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Topological Classification
All sinks look the same.

Everything approaches the
origin asymptotically.
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Topological Classification

& Example du
;:—Zx There is no linear coordinate o
change that transforms one d
b, 5 h &
=2y ystem to the other. v
dt dt

However, there is a continuous coordinate
change that transforms one system to the other.

Apply the transformations in previous slides in the one variable case,
once with & =2, and once with & = -2.

) du
=2 il
dt — — dt
d
7: =2y ? =v

Continuous, 4
but not smooth at (0,0).
The two sy are topologically conjug

Math 5421 4/1/2025
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Topological Classification

What about spirals?
dz
—=(-1-i)z
Z (=1-i)
_ eilong
Continuous,
but not smooth at 0. dw _

Math 5421 4/1/2025
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Computation

‘W‘x W= (ww)i/z we W(i/2+l)wi/2

z :(%+ l)wi/zwwl/z 240 i)

(1)

=—(+i)z =+l w

%
Multiply by #/|w|
iw -

i
W w+%‘w —w
S w

WP = =W — 2w «—— WW+wiw=-2w

(§+ 1)w+§(—w—2w) =—(1+i)ww

W —iw=—(1+0)w ——>  w—iw —

38

complex conjugate

(é‘-ﬁ— l) W/W—*—éwﬁ/: —(1+i)ww

— L+ (= 1) wiv = ~(1- D) > add

L
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source

saddle

trace
e

sink

determinant
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Earth's Heat Imbalance

t TOA Radiation or
Planefary Heat Uptake (Wm2)

—— Net TO/ (CERES)

| —— Planetary Heat Uptake (In Situ)

re T
2005 2007 2009 2011 2013 2015 2017 2019
Year

https://www.nasa.g;

Richard McGehee, University of Minneso
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Topological Classification
What about spirals?
dz
—=(-1-i)z
& ( )
\ These two systems are
topologically conjugate.
i

iloglu,

W

w=e

Continuous,

but not smooth at 0. .
dt
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Earth's Heat Imbalance

:

S8
o)
T
Q
3T
e
o
o
=
S
o

—— Net TO diation (CERES)

1 —— Planetary Heat Uptake (In Situ)
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Year

https://www.nasa. ili langley/joi
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James Hansen

James Hansen arrested at &7
a demonstration outside the
White House, August 29,
2011

Hansen giving testimony before the &7
United States Congress in 1988.

/en.wikipedia.org/wiki/James_Hansen
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www.sciencemagorg  SCIENCE VOL 308 3 JUNE 2005

—RESEARCH ARTICLES

by €O, (9). F, is an ¢

o 1o an mmposcd

Earth's Energy Imbalance:
Confirmation and Implications

James Hansen,'** Larissa Nazarenko,'” Reto Ruedy.”
Makiko Sato,"* Josh Willis,* Anthony Del Genio,™*
Dorothy Koch,'” Andrew Lacis,* Ken Lo, Surabi Menon,”
Tica Novakov,* Judith Perlwitz,"” Gary Russell,

Gavin A, Schmidt,'* Nicholas Tausnev’ s {0,) il stk
Our climate model, driven mainly by increasing human-made greenhouse
gases and aerosols, amang other forcings. calculates that Earth is now ab
sorbing 0.85 + 0.15 watts per square meter more energy from the Sun than it
s emitting to space. This imbatance is confirmed by precise measurements of
increasing ocean heat content over the past 10 years. implications include () the
expectation of additional global warming of about 0:6°C without further change
of atmospheric composition: (i) the confirmation of the climate system’s lag
in responding o forcings, implying the need for anticipatory actions to avoid
any specified level of chmate change: and (id) the likelihood of acceleration of
ice sheet disintegration and sea level rise.

46
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Table S1. Planetary Heat Storage: Ocean, Ice, Air and Land.
Energy required to melt ice and warm the air, land and ocean by specified amounts.' What's this?

Ocean warming by 1°C through 1 km depil-of-acean—FTEat storage is 1°C x 10° glem® x 1 cal/g x 4.19 joules/cal
x area Earth % 0.7 — 15 x 10% joules ~|93 W yr/m’

Ice sheet melting 1o raise sea level 1 meter. Assume ice starts at ~10°C and ends at mean ocean surfice temperature
(+15°C). Energy required is 100 cal/g (80 cal/g for melting). Energy for 1 meter of sea level: 100g/em® x 100cal/g
% 4.19 joules/cal * area Earth x 0.7 ~1.5 x 10° joules ~ 9.3 W yr/m’

Sea ice melting (all sea ice on planen). Assume ice starts at ~10°C and ends at mean ocean surface temperafure
(+15°C). and that sea ice covers 4% of the planet with mean thickness 2.5 . Energy required is 250 g enr’ » 100
cal/g (80 cal/g for melting)  4.19 joules/cal x 0.04  area Earth ~ 2.14 x 10 joules ~ 1.3 W yr/m’

Air warming by 1°C. The Earil's atmospheric mass is ~ 10 m of water. Heat capacity of air ~ 0.24 calig/°C

y to raise air !en})elalm& 1°C: 1°C x 1000 glem” x 0.24 cal/g/°C x 4.19 joules/cal x area Earth ~ 0. 26 %102
joules ~0.32 W yr/m”.

Land surface warming by 1°C: The depth of penetration of a thermal wave into the Earth’s crust in 10 yeats,
weighted by AT, is ~10 m. With density ~ 3 g/enr’, heat capacity ~ 0.2 cal/g/°C. and 0.29 fractional land coverage,
land heat storage is 10° em »3 g/enr * 0.2 cal/g/°C x 1°C %4.19 joules/cal * area Earth x 0.29 ~ 0.37 x 10 joules ~
0.23 W yr. [Ina century the depth of penctration is ~3 times more than in a decade, so heat storage in a century due
to 1°C warming is ~ 0.7 W y

"Note that 1 W sec = 1 joule, # sec/year ~ 710", area Earth ~ 5.1x10' cnr’, 1 W yr over full Earth ~ 1.61x10%
joules, ocean fraction of Earth ~ 0.7, 1 calorie ~ 4.19 joules

James Hansen, et al, Earth’s Energy Cc ion and icati SCIENCE 308 (2005), p. 1431

@ Math 5421 4/
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James Hansen

“Honds comathe b, st frmtiv,
genealclinatesiece

Tu TauTi Asout Tus

COMING CLIMATE CATASTROPHE AN

STORMS

0F MY

JAMES HANSEN Hansen giving testimony before the =7
e United States Congress in 1988.

Math
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Table S1. Planetary Heat Storage: Ocean, Ice, Air and Land.

Energy required to melt ice and warm the air, land and ocean by specified amounts."

Ocean warming by 1°C lllrollgll 1 km depth ufau'lm Heat storage is 1°C x 10° glem” x 1 cal/g x 4.19 joules/cal
* area Earth % 0.7 ~ 15 x 10* joules ~ 93 Wy

Ice sheet melting to raise sea level I mefer. Assume ice starts at ~10°C and ends at mean ocean surface temperature
(+15°C). Energy required is 100 cal/g (80 cal/g for melting). Energy for 1 meter of sea level: 100g/em” x 100cal/g
% 4.19 joules/cal x area Earth x 0.7 ~1.5 x 10 joules ~ 9.3 W yr/m’

Sea ice melting (all sea ice on planer). Assume ice starts at —10°C and ends at mean ocean surface temperature
(+15°C). and that sea ice covers 4% of the planet with mean thickness 2.5 m. Energy required is 250 g cm’ x 100
cal/g (80 cal/g for melting) * 4.19 joules/cal x 0.04 x area Earth ~ 2.14 x 10 joules ~ 1.3 W yr/m’

Air warming by 1°C. The Earth’s atmospheric mass is ~ 10 m of water. Heat capacity of air ~ 0.24 cal/g/*C’
Energy to raise air temperature 1°C: 1°C x 1000 glenr” » 0.24 cal/g/°C  4.19 joules/cal » area Earth ~0.26 x10%
joules' ~ 0.32 W yr/m’.

Land surface warming by 1°C: The depth of penetration of a thermal wave into the Earth's crust in 10 years.
weighted by AT, is ~10 m. With density ~ 3 g/em’, heat capacity ~ 0.2 cal/g/C. and 0.29 fractional land coverage.
land heat storage is 10° cm x3 glem’® x 0.2 cal 'g/°C % 1°C #4.19 joules/cal x area Earth x 0.29 - 0.37 x 10 jou
023 Wyr. [Ina century the depth of penetration is -3 times more than in a decade, 5o heat storage in a century due
to 1°C warming is ~ 0.7 W yr/m’]

"Note that 1 W sec = 1 joule, # sec/year ~ 1¢10”, area Earth ~ 5.1x10 em’. 1 W yr over full Earth ~ 1.61x10%
joules, ocean fraction of Earth ~ 0.7, 1 calorie ~ 4.19 joules.

47
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What is a watt-year?
A watt is a unit of power, or energy per unit time, i.e.,
one joule per second.
Ayear is about 3.14x107 seconds, so a watt-year is about
3.14x107 joules.
What is a watt-year per square meter?
About 3.14x107 joules per square meter.

If the heat imbalance at the Earth's surface is one watt per square
meter, then the energy imbalance over the course of a year is about
3.14x107 joules per square meter.

Earth's surface area: about 5.1x10% square meters.

If the heat imbalance at the Earth's surface is one watt per square
meter, then the energy absorbed over the whole Earth is about
1.61x10% joules.

49
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Table S1. Planctary Heat Storage: Ocean, Ice, Air and Land. How much heat does it take to melt enough of the ice sheets

Energy required to melt ice and warm the air, land and ocean by specified amounts.' What's this? to raise the sea level by one meter?

Ocean warming by 1°C through 1 ki depth of ocean. Heat storage is 1v'(yy/uf % 1 cal/g x 4.19 joules/cal
T/m’

 area Earth % 0.7 ~ 15 x 107 joules ~ 93 W 1

nergy required is 100 cal/g (30 cal/g for melting). Energy for | meter of sea level: 100g/en’ x 100calig

1t melting 10 raise sea level 1 meter. Assume ice starts at —10°C and ends at mean ocean surface temperature
9 joules/cal x area Earth x 0.7 ~L.5 x 10* joules ~ 9.3 W yr/m

Sea ice melting (all sea ice on planef). Assume ice starts at —10°C and ends at mean ocean surface temperature
°C). and that sea ice covers 4% of the planet with mean thickness 2.5 m. Energy required is 250 g em? x 100

cal/g (80 cal/g for melting) x 4.19 joules/cal  0.04 x area Earth ~ 2.14 » 10* joules ~ 1.3 W yr/m’

Air warming by 1°C. The Earth’s atmospheric mass is ~ 10 m of water. Heat capacity of air ~ 0.24 calig/°C.
Energy to raise air temperature 1°C: 1°C x 1000 glem” % 0.24 cal/g/°C x 4.19 joules/cal x area Earth ~ 0.26 x10™*
joules ~ 0.32 W yr/m’,

Land surface warming by 1°C: The depth of penetration of a thermal wave into the Earth’s crust in 10 years.
weighted by AT, is ~10 m. With densm 3 glem’, heat capacity ~ 0.2 cal/g/°C, and 0.29 fractional land coverage.
land heat storage is 10° em 3 glem’ x 0.2 cal/g®C x 1°C x4.19 joules/cal  area Earth x 0.29 ~ 0.37 x 10* joules ~
0.3 Wyr. [Ina century the depth of penetration is -3 tanes more than in a decade. so heat storage in a century due
to 1°C wanning is ~ 0.7 W yr/m? ]

"Note that 1 W sec = 1 joule, # sec/year ~ nx10, area Earth ~ 5.1x10'€ cm?, 1 W yr over full Earth ~ 1.61x10*
joules, ocean fraction of Earth ~ 0.7, 1 calorie ~ 4.19 joules.

James Hansen, et al, Earth’s Energy [« ion and Implications, SCIENCE 308 (2005), p. 1431

50 51
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How much heat does it take to melt enough of the ice sheets How much heat does it take to melt enough of the ice sheets
to raise the sea level by one meter? to raise the sea level by one meter?
Assumption: Ice starts at -10°C and ends up as ocean water at +15°C. Assumption: Ice starts at -10°C and ends up as ocean water at +15°C.
Hansen: About 1.5x10% joules = 9.3 Wyr/m? Hansen: About 1.5x1023 joules = 9.3 Wyr/m?

How long does it take to melt enough of the ice sheets to
raise the sea level by one meter?

@ Math 542 @ Math 5421 4
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How much heat d,oes it take to melt enou!,h Of the ice sheets Ocean warming by 1°C through I km depth af ocean. Heat storage is 1°C = 10° glem® = 1 calig = 4.19 joules/cal
to raise the sea level by one meter? « area Earth = 0.7~ 15 % 10* joules ~ 93 W yr/m?

Ice sheer melting (o raise sea level I merer. Assume ice stans at ~10°C and ends at ocean surface temperature

Assumption: Ice starts at -10°C and ends up as ocean water at +15°C. (+15°C). 2 (80 cal’g for melting). En 1 meter of sea level: 100g/cm’ = 100cal’g
Hansen: About 1.5><1OZ3jouIes ~9.3 Wyr/mz % 4.19 joulesical = area Earth = 0.7 ~1.5 = 10" joules ~ 9.3 W yr/m
How Iong does it take to melt enough Of the ice sheets to Asuming an energy imbalance of 1.2 W/m?, how long would it take to raise the temperature of the
. > entire ocean by 5°C? (Assume that the average ocean depth is 4300 meters.) How long would it
raise the sea level by one meter? take to melt enough ice to raise the ocean depth by 70 meters?

If the heat imbalance at the Earth's surface is one watt per square meter,
and if all the heat imbalance goes toward melting the ice sheets,
then the time required to raise the sea level one meter is
9.3 years.

meters per year: 1/9.3 = 0.108 m/yr
=10.8 cm/yr = 1.08 m/decade = 10.8 m/century

54 55
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Ocean warming by 1°C through I km depth of ocean. Heat st
« area Earth = 0.7~ 15 = 10 joules ~ 93 W yr/m’

e is 1°C = 10° glem® = 1 calig = 4.19 joules/cal

Ice sieet melting to raise sea level 1 meter.

Ocean warming by 1°C through I km depth of ocean. Heat storage is 1°C = 10° giem’ = 1 cal/g * 4.19 joules/cal
* aren 1% 0.7~ 15 % 10% joules ~ 93 W yr/m’.
s at ~10°C and ends at mean ocean surface temperature

Ice slteet melfing (o raise sea level ] meter, Assume ice
for melting). Energy for 1 meter of sea level: 100g/cm’ » 100cal/g (+15°C] 'y required is 100
joules ~ 9.3 W yr/m’®

4.19 joulesical * area Earth x 0

4.19 joules/cal * area Earth =

arts at =10°C and

s at mean ocean surface temperature
er of sea level: 100g/em® * 100cal/g

By some estimates, it took 20,000 years to raise the temperature of the entire ocean 5°C during the

‘What energy imbalance would be required to melt enough ice to raise the ocean depth by 70 meters
PETM (Pal E Thermal N occuring about 56 million years ago). What in 1000 years, assuming all atmosphere, land, and ocean temperatures remained constant? What
energy imbalance would account for that rise. Assume all other temperatures were unchanged and energy imbalance would accomplish the same rise in 100 years?
that the ocean depth was 4400 meters.

Math

57

Math 5421
arth’s Heat Imbalance

Math 5421
arth’s Heat Imbalance

varming by 1°C throwgh 1 km depth of ocean. He is 1°C 10’ g'em” = 1 calig = 4.19 jo
h = 0.7~ 15 = 10" joules — 93 W yr/m’*

s/cal Ocean warming by 1°C throngh I km depth of ocean. Heal store

« area Earth = 0.7~ 15 = 10" joules ~ 93 W yr/m’
Ice sheet melting 1o raise sea level | meter.

oe is 1°C = 10° giem” = 1 calig = 4.19 joules/cal
sume i

1s at ~10°C and ends at mean ocean surface temperature

{ce sieet melting o raise sea level I mefer. Assume ice stants at =10°C and ends at mean ocean surface temperature
(+15°C). Energy required is 100 calig (80 for melting). Energy for | meter of sea level: 100g/cm’ » 100cal/g (+15°C). Energy required is 100 cal/g (80 cal/y elting). Energy foi eter of sea level: 100g/cm” » 100cal’g
4.19 joules’cal  area Earth x 0.7 ~1.5 » 10™ joules ~ 9.3 W yr/m’. 4.19 joules/cal * a wth J 9.3 W yrim
Air warming by 1°C. The Earth’s atmospheric mass is ~ 10 m of water. Heat
Energy to raise air temy 3

capacity of air ~ 0.24 cal/g/°C

" Air warming by 1°C. The
l)\.‘lﬂtll[{.‘ 1°C: 1°C = 1000 g'em” = 0.24 cal/g/*C = 4.19 joules/cal = area Earth ~ 0.26 107
joules ~ 0.32 W yr/m'",

s atmospheric mass is ~ 10 m of water. Heat capacity of air - 0.24 calg”C.
Energy to raise air temperature 1°C: 1°C 1000 giem” = 0.24 calig”C = 4.19 joulesical x area Earth ~ 0.26 x10™
joules ~0.32 W yr/m®,

Assume that, over the course of 100,000 years, the air temperature fell by 5°C, as did the top
kilometer of the ocean, and ice sheets formed to lower the sea level by 125 meters. What average

(The Day After Tomorrow scenario) Assume that, over the course of 6 weeks, the air temperature
energy imbalance would be required?

dropped by 13°C, as did the top 100 meters of the ocean, and enough snow accumulated on land to
lower the sea level by 2 meters. What energy imbalance would be required? Compare your number
to the current insolation and compute the heat imbalance necessary for the scenario.
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