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* |llustrate the debate about empirical evidence of
climate change: the “Hockey stick” & statistics

* |llustrate the debate about the accuracy of
climate predictions: climate sensitivity & coupled
climate models

* |s there a way out of these two topics (especially
for non experts!)...?
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The “Hockey
stick”
Northern Hemisphere

surface temperature
reconstruction
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Some criticisms of the “Hockey stick”

* Low dimensionality & stationnarity of surface
temperature variability is assumed.

* Loss of variance (von Storch et al., 2004):

Learning period Correlation between proxy

Scaled and instrumental records
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Some criticisms of the “Hockey stick”

1 «? year

= ECHO-G
- perfect pseudo proxies

= 50% variance noise (r=0.7)
— B6% variance noise(r=0.58)
75% variance noise (r=0.5)

= 80% variance noise (r=0.45)

Annual NH SAT spectrum

Temperatures reconstructed using MBH98 method
and grid=-point temperatures as pseudo-proxies

]:QD% confidence interval

von Storch et al. (2004)

10! 0.5

frequency (cycles/year)

onnarity of surface
ssumed.

h et al., 2004):

Correlation between proxy
and instrumental records
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One out of many reasons for these
long timescales: ocean dynamics

Trans-Pacific Crossing Time of Oceanic Rossby Waves
®
The Ocean 120 140 10 180 160 140 120 100

adjusts to
wind and
buoyancy
forcing
through
slowly
propagating
Rossby waves

Courtesy of Dudley Chelton
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Climate models

 About
6X15X180X90=1-2
million of
prognostic
variables for
Oceans and
Atmosphere.

Heating/cooling
rates

Mass, momentum

 Climate models are transports

very large systems
of coupled, non
linear, ordinary
differential
equations.



Climate sens

* Defined as the equilibrium
change in global surface
temperature in response to AT
a doubling of atmospheric S

CO2 concentrations
(2K-4.5K in the latest IPCC report).

e Analyzed within a feedback
framework

itivity
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CLIMATE

* “Charismatic” quantity

(Global surface temperature is often AQ. .
chosen as a convenient metric for
policy studies)
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Climate feedbacks in models

= Colman 2003 : g
= < Colman 2003 (RCMs) | =8
= - E = Soden & Held 2005 I -
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Bony et al. (2006) Feedback Type



The bottom line...

* Climate models and instrumental / proxy

records are fascinating tools to understand the
Earth’s climate.

* These tools are however imperfect and, as a

result, potentially subject to endless debates

regarding the anthropogenic forcing of
climate.
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My personal take on this problem...

 For a non expert, it might be best to focus on
the magnitude of the anthropogenic forcing,
rather than on the predicted response.

The climate system

FORCING | ./ as an erratic pendulum

)



Part 2. The magnitude of the
anthropogenic forcing of climate

 The “radiative forcing” of carbon dioxide

(NB: CO2 is the only anthropogenic forcing considered here)
* Equivalent changes using simple physics

* Equivalent changes in planetary radiation



“Modelling” strategy

Atmospheric mass transport (JJA 1980-2000)

“" Tropopause
* Focus on a climate 0S|
system below the
tropopause (i.e., lower L. \
atmosphere, oceans, e 1
etc). - 8
270 Earth’s surface
e Construct a simple ST e e
time dependent A

formula for the heating | Heating Q(t)
of this system resulting | 'n Wm-2
from the emission of
carbon dioxide.

t = 0 start of the industrial revolution <«——— 300 yr time slice




Name Code Location 1981 1982 1983 1984 1985 1986 1987
South Pole SrO 20°8 385 393 40.7 42.2 43.6 44.6 46.8
Halley Bay HBA 76°S, 26°W 412 — — 45.0 47.2
I n St r u m e nt a Palmer Station PSA 65°S, 64°W 39.5 40.9 42.7 439 — 47.0
Cape Grim CGO 41°S, 145°E 425 43.7 4.6 46.5
Amsterdam Island AMS 38°5, 78°E 39.3 41.1 42 .4 439 45.0 —
Samoa SMO 14°S, 171°W 39.3 40.3 414 435 447 45.2 47.1
Ascension Island ASC 88, 14°'W 39.8 40.7 42.6 43.9 45.0 45.8 48.1
re CO r S Seychelles SEY 5°S, 55°E 40.2 405 41.1 44.1 452 46.1 —
Christmas Island CHR 2°N, 157°W 447 459 46.3 48.5
Guam GMI 13°N, 145°E 41.0 42.7 44 4 46.0 — —_
Virgin Island AVI 18°N, 65°W  40.3 409 42.0 43.4 45.4 46.4 482
C:l.pc Kumukahi KUM 20°N, 155°W 40.6 41.2 42.6 443 45.6 46.5 48.5
Key Biscayne KEY 26°N, 80°W 45.2 46.7 47.6 495
Midway MID 28°N, 177°W 47.6 49.7
Azores AZR 39°N, 27°W 41.2 43.0 44.5 — — —
Shemya Island SHM 53°N, 174°E 489 50.0
Cold Bay CBA 55°N, 163°W  41.0 41.8 433 455 47.2 48.1 49.7
Station “*M” STM 66°N, 2°E 41.8 421 43.1 45.5 46.5 482 48.8
Point Barrow BRW 71°N, 157°W 4]1.4 42.6 43.7 45.4 46.4 48.6 49.5
Mould Bay MBC 76°N, 119°W 418 42.4 43.6 45.6 46.7 48.6 49.8
Alert ALT B3°N, 62°W 48.0 49,5
3.5 h Global average 40.00 4065  42.03 4391 4527 4626  48.10
Yr-on-yr growt
Tans et al. (1990)
at Mauna Loa
E 2.5
% o ” .
c . Global” observations
Z 15 of atmospheric carbon
o
EE dioxide concentrations
~
) .
[
(expressed as excursion

. above 300ppm)
o o Neo, / Ny =300.10°°

| | | |
1960 1970 1980 1990 2000 2010

Time (years)



Name Code Location 1981 1982 1983 1984 1985 1986 1987
South Pole 5PO 20°8 38.5 393 40.7 42.2 43.6 44.6 46.8
Halley Bay HBA 76°S, 26°W 412 — — 45.0 47.2
I n St r u m e nt a Palmer Station PSA 65°S, 64°W 395 40.9 42.7 439 — 47.0
Cape Grim CGO 41°S. 145°E 425 43.7 44.6 46.5
Amsterdam Island AMS 38°5, 78°E 39.3 41.1 42 .4 439 45.0 —
Samoa SMO 14°S, 171°W 39.3 40.3 414 435 447 45.2 47.1
Ascension Island ASC 88, 14°'W 39.8 40.7 42.6 43.9 45.0 45.8 48.1
re CO r S Seychelles SEY 5°S, 55°E 40.2 405 41.1 44.1 452 46.1 —
Christmas Island CHR 2°N, 157°W 447 459 46.3 48.5
Guam GMI 13°N, 145°E 41.0 42.7 44 4 46.0 — —_
Virgin Island AVI 18°N, 65W  40.3 409 42.0 43.4 45.4 464 482
C:l.pc Kumukahi KUM 20°N, 155°W 40.6 41.2 42.6 443 45.6 46.5 48.5
Key Biscayne KEY 26°N, 80°W 45.2 46.7 47.6 495
Midway MID 28°N, 177°W 47.6 49.7
Azores AZR 39°N, 27°W 41.2 43.0 44.5 — — —
Shemya Island SHM 53°N, 174°E 489 50.0
Cold Bay CBA 55°N. 163°W  41.0 41.8 433 455 47.2 48.1 49.7
Station “*M” STM 66°N, 2°E 41.8 421 43.1 45.5 46.5 482 48.8
Point Barrow BRW 71°N, 157°W 4]1.4 42.6 43.7 45.4 46.4 48.6 495
Mould Bay MBC 76°N, 119°W  41.8 424 43.6 45.6 46.7 48.6 49.8
Alert ALT B3°N, 62°W 48.0 49.5
3.5 h Global average 40.00 4065 4203 4391 4527 4626  48.10
Yr-on-yr growt
Tans et al. (1990)
at Mauna Loa
E 2.5
% o ” .
e Global” observations
Z 15 of atmospheric carbon
o
3 s dioxide concentrations
~
o
[
(expressed as excursion

' C(t) = 280ppm + 2P
1yr
g | | ' | ' Nco, / Nair

1960 1970 1980 1990 2000 2010

above 300ppm)
=300.10"°

Time (years)



Instrumental

in ppm

CO, (t+1)-CO, ()

3-5

records

Yr-on-yr growth
at Mauna Loa

19%0

19%0

1980

Name Code Location 1981 1982 1983 1984 1985 1986 1987
South Pole SPO 90°8 385 39.3 40.7 42.2 43.6 44.6 46.8
Halley Bay HBA 76°S, 26°W 41.2 —_ — 45.0 47.2
Palmer Station PSA 65°S, 64°W 395 40.9 42.7 439 - 47.0
Cape Grim CGO 41°S, 145°E 42.5 43.7 446 46.5
Amsterdam Island AMS 38°S, 78°E 39.3 41.1 42.4 43.9 45.0 —
Samoa SMO 14°5, 171°W 39.3 40.3 41.4 43.5 44.7 45.2 47.1
Ascension Island ASC 8°S, 14°'W 39.8 40.7 42.6 439 45.0 45.8 48.1
Seychelles SEY 5°S, 55°E 40.2 40.5 41.1 44.1 45.2 46.1 —
Christmas Island CHR 2°N, 157°W 447 459 46.3 48.5
Guam GMI 13°N, 145°E 41.0 42.7 44,4 46.0 —_ —
Virgin Island AVI 18°N, 65°W 40.3 40.9 42.0 43.4 454 46.4 48.2
Cape Kumukahi KUM 20°N, 155°W 40.6 41.2 42.6 44.3 45.6 46.5 48.5
Key Biscayne KEY 26°N, 80°W 45.2 46.7 47.6 495
Midway MID 28°N, 177°W 47.6 49.7
Azores AZR 39°N, 27°W 412 420 44 5 — — —
Shemya Island SHM 53°N, 174°E ? 0
Cold Ba CBA  55°N. 163°W G h — 1 / 7
Station EM” ST™M 66°N, 2°E rOWt ra te - p p m y r ¢ 8
Point Barrow BRW 71°N, 157°W 5
Mould Bay MBC 76°N, 119°W 8
Alert ALT 83°N, 62°W 5

10

Global average

1990 2000

Time (years)

2010

C(t) = 280 ppm + —PPM,
1yr

-likely smaller near t =0 o,

-larger now: fossil fuel
emission amount to
about 6 Gt C/yr over
the 1980-1999 period,
i.e., 3ppm/yr (Sabine et
al., 2004).



“Radi

ative forcing” of CO2

(a) o050
T r f K
g - f . ——- '
© oml “CO2 band” Planck function for
= 0 (600-800cm-1) T=299.7K = surface emission
3 L [ k!
g0 ! \
E o3l ! \ ___Surface minus “top-of-
- . : K . .
g - " atmosphere” upward radiation
3 \ ]
g o | \ .
o 020 | . 3
g - . g
é 0.10 — Wa\ .
L W
E’{/ % Fmr _ :
o.00 Lz ! L | I | P | ! I | [ ! L i — |
0 500 1000 1500 2000 2500

NB: spectral resolution of calculation
is >100 times larger than displayed.

Wavenumber cm™!

Brindley & Harries (1998)



An example of anthropogenic heating
calculation (courtesy of Zhong & Haigh)

e Summer
conditions in
midlatitudes

e Three
atmospheric
absorbers

included (H20,

CO2, 03)

Pressure in hPa

0
SO U R AR SR SO W S A _rq_pqpause _____
400 . i o s s e O i i s B i s s s S i eabb s o AW s e s s s
Increase m
600 _downwardflux ..................
- Decrease in |
. upward flux
1000

Change in infrared flux:

736ppm-368ppm.

i i i i ‘ i i i i
5 4 3 2 4 0 +1 42 +3 +4 +5

Energy flux in Wm-2



An example of anthropogenic heating
calculation (courtesy of Zhong & Haigh)

Change in infrared flux:

* Summer !736ppm-368ppm!

conditions in
midlatitudes o\ \_ tropopause

-Heating is on the order of 4Wm 2
e Three at the tropopause for 2x280-280ppm.

atmosphe I T "y
absorbers -A logarithmic dependence is found

included (35 More COZsz?aciIgIe’g(
CO2, 03) N

—_— e e e e e e e e e e e e e e e e e == i = = - -

tropopause

1 i i i i i
-5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5
Energy flux in Wm-2



Simple analytical formula for the
anthropogenic forcing

(in Wm-2)

Q(t) =4log, C(t)/C.  with C(t)=280+1fpf‘t
(in ppm)

4.5

-
550

3.5
500

3

2. 450

Q (in Wm-2)

e

Time of preindustrial

CO2 doubling
(t=280yr at 1ppm/yr)

2

Beginning of ..

industrial revolution -
(t=0, Co = 280ppm) 0.5

400

CO, concentration (ppm)

350

300

250

| | | | | | |

0 5O 100 150 200 250 300
Time (years)



Part 2. The magnitude of the
anthropogenic forcing of climate

e Equivalent changes using simple physics



Q = a few Wm-2... So what...?

* Does not tell
much to the
average person
on the street.

* Does not tell
much to a Climate Space & Atmospheric Physics

. . group at Imperial College
scientist (?)



A first example of physically achievable
equivalent to Q(t): ice melting

110

* |ceis agood 00, | “Thinning”
infrared
absorber... So
how much ice

({o]
o
T

“Shrinking”

~l Qo
o o
T T T

Mass of ice melted (percent of today)
o))
O

can be melted £ 5 L, (1) = A, f :Q(f')d;“

as a function &7

of time given 20!

Q(t) ? 10} lce sheets -
% 50 100 150 MO

Time (yr)



Second example: sea level rise

* Mass added “
to the ocean " A (t) = Moo
by melting of _ Pif S
ice sheet. e

* Increase in ENNYAGE L fowar
the volume of ¢ | o et
the ocean by 0.5 Thermal expansion
thermal o . '. . | | |

% e s she sk ke

expansion Time (years)



Part 2. The magnitude of the
anthropogenic forcing of climate

* Equivalent changes in planetary radiation



Planetary heat balance

* The Earth absorbs
short wavelength
radiation from the
Sun and reflects a
fraction ar (the -
planetary albedo) g

e The Earth emits
infrared radiation
to Space



21. March

) Periapsis
) 3.January

1 Lin e : /
21.June A\ 21. December

... CERES mission
x5 (2000-2005)

23. September

o
w
T

Planetary
albedo

Planetary albedo
o
N
©
3]

0.29

0.285+

0.28+

Data courtesy of N. Loeb (NASA)

O'275.JFMAMJJASOND
Month




21. March

Periapsis
3. January

gEqu iiii

latitude

Lin, ice b ‘a /
21.June { D E { 21. December

Apoapsis

3. July 23. September

Planetary
infrared
emission

Infrared emission (Wm'2)
N
&

:

2371

236

Data courtesy of N. Loeb (NASA)
235 1 1 1 1 1 1 1

J F M A M J J A 8§ O N D
Month



Relative change in planetary emission
of the same magnitude as Q(t)

* Equivalent

. 5
change in e S, ()/ct, = 4Q(0/S
p | an Eta ry a ‘ Planetary albedo
albedo ar 57 seasonaleyele
o o1, (0/1, = 4Q0)/S, 1 - )
) Eq u |Va I e nt % 15 Semcomal o nfrared emission
change in I
infrared 3 /=" interannual variability |

emission lp : 50 100 o 200 260 300



Summary of Part 2

 The excess infrared energy due to anthropogenic CO2

emissions is “large” in the sense that it is energetically
equivalent to:

*a disappearance of the sea ice in a few decades

*a sea level rise of a few meters in a few hundred years

*Planetary albedo and infrared emission changes of the
same order as seasonal changes in these quantities



Part 3. Stepping back

Imperfect climate

Large
tools 5

anthropogenic
heating (Q)

(observations,
models)




Part 3. Stepping back

Imperfect climate
tools
(observations,
models)

Large
anthropogenic
heating (Q)

Where is the
heat going?




Where is the heat going?

e Surface warms (Ts’), more
radiation is emitted to
Space: Q = ATS’

Net climate feedback

* Anthropogenic heating is
absorbed by the deep
ocean: Q= uT’s

Vertical ocean
heat flux
sensitivity




Order of magnitude for A (net climate feedback)
T Radiative T Dynamical
e Cannot exceed the '\ cooling cooling
feedback associated
with localised, as Global T
opposed to global, NOTE
surface temperature \

dnomad Iy \l, Observed localised

. ﬁedback (Wm-2K-1)

2 S 15

* This implies A = a few N
W m'2 K'l NOEP 16 Y

F T | !
A o !
12

>Fra.nk_i-gnoul et al. (2004)

Localized

anomaly

\

40

R .
17 le

-1 -8 -2 2 B8 16 24 232



Order of magnitude for u

(vertical ocean heat flux sensitivity) s

 This leads to:

u

40°N =

Focus on only one
mechanism: the global
downward ocean heat
transport driven by

20°N

the winds.

VERTICAL EXMAN VOLUME FLUX (10° m3/sec)

oo
o
3

= 0,C,Wg ~10° x4.10° x

<
—

(@) E

kman velocny

B TS

Sl

25cmfs =
5emls

LA =

-1.5
-2.0

-4.0

-4.5
=5.0

EQ 30

T ™7 T T
[

L""f INDIAN
i

paoas by

1 | L1 | 1 | 1

PO T

Levﬁus(1988)



Where is the heat going?

* u=A implies that the heating caused by increased
carbon dioxide concentrations cannot be simply
opposed by an increased planetary emission of
infrared radiation. The heat must also
significantly be stored in the deep ocean.

* This points to sea level rise as an inevitable
consequence of the accumulation of carbon
dioxide in the atmosphere.



Conclusions

 One does not need to rely on observations or climate
models to understand that the anthropogenic forcing
of climate is large.

* |tis fascinating that one can put illuminating numbers
on such a complex topic by simply considering the size
of the forcing. This approach may help non experts like
engineers, school teachers, etc, to tackle the Climate
change debate.

e |f interested further feel free to use the “climate
model” developed at Imperial College (EPcm).
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The Environmental Physics Climate Model

*

a0 |
T, Thanks to ... Corinne Le Quere, Jonathan
Gregory, Simon Buckle, Brian Hoskins,
Raymond Hide, Jo Haigh, Wenyi Zhong,
—1 Helen Brindley, Claudio Belotti, Cato
Sandford & students of the EP course,

T( Andrea Waeschenbach...

*

Extra

Tropics Ocean Tropics

Heat content (.

0 20 ‘ 60
http://www.sp.ph.ic.ac.uk/~aczaja/EP_ClimateModel.html ey
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