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Aims & Scope

1. Introduce to the most striking atmospheric phenomena that are responsible for the
climatic and meteorological conditions having a direct impact on our every day life.

2. Make use of the minimal amount of physical arguments & mathematical formalisms.

Plan

Radiative transfer and energy budget
Role of convection: sensible and latent heat transfer
Effects of rotation: geostrophic motion, jet stream, waves
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The atmosphere
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The atmosphere

Species % by volume
Average temperature
~ Lowest and highest monthly mean temperatures for any N2 78.084
location between equator and pole
1% maximum and minimum temperatures during warmest 02 20.9476
and coldest months in the most extreme locations
Ar 0.934

| | I | I

80 0.0089—+-1.57x10

co, 0.0314
70 0.0463—-7.42x10°

Ne 1.818 x 103
60 0.2031-2.88x10*

: He 5.24 x 104
50 0.759—-9.78x10*
Stratopause

40
30
20 -

CH, 2.0 x 104
2.78—1-3.85x107 .
Kr 1.14 x 10
11.7—+0.018
H, 5.0 x 105
54.7—+-0.088
N,O 3.0 x 105

Pressure [mbar]

Geopotential Height [km]
Density [kgem-]

10 |- Tropopause 264—-0.413
CcO 1.0 x 10>

0 ' | ' ' L ' 1013-11.225
0 100 200 300 400 Xe 8.7 x 106

Temperature [K]

R.J. Perkins 2019-20 Atmosphere and Ocean Dynamics -

02:Thermodynamics of Dry Air
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The atmosphere

Gaseous composition of dry air Nitrous Oxide Fluorinated Gases

Argon p Carbon Dioxide
0.934?4 0.0350% 5% / 2%

Cryden
20,9473

. Methane
N 9%

Concentration:
CO, 400 ppm
CH, 2 ppm
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The atmosphere

Temperature
/ Space shuttle
. ‘ & 1000km _ km | hPa
The stratosphere has the same composition of EX0SPRETE weather sateite
. 500 | ;e
gases as the rest of the atmosphere, with the Ey— 10
exception of the ozone layer. e 85 | 107
Mesosphere
Stratopause 50
F 1
Temperature decreases with height in the Stratosphere MEtBalicon
. . -
troposphere and increases in the stratosphere sl 26
Supersonic flights B
(due to the presence of the ozone layer). P
Tropopause Mount Everest > 10 [ 250
‘8848m — [ 8
' 6
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Atmosphere & Climate

Solar
Incident

Reflected
Energy *
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Radiation
Black body radiation

Wave length
The energy of a photon basically depends on its

wave length A hc
A
where

* h = Planck const. (6,63.1034 J.s)
* ¢ =speed of light (2.998.108 m.s?)

Black body - definition

A black body is an " ideal"” body absorbing all the
radiation it recieves

1010

Wavelength (m)

Solar
radiation

Terrestrial | 10°__

radiation

X-rays

Ultra violet

__| Visible

Infra red

| Microwave

10°

Radar

Television

Short wave
radio

AM radio

Long wave
radio
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Radiation
Black body radiation

Planck law

Power emitted by unit surface, per unit of solide angle for a given wave length
A [W.m2.m21.sri]

T, ~ 6000K

~ 2hc?
O.r = he Toor, = 300K
A°| exp -1
M(BT A(um), T=300K
L 0 10 20 30 40
where S O
— h =Planck const. (6,63.1034 J.s) i 123 I 30
— ¢ =speed of light (2.998.108 m.s1) By 20 /E;
— kg = Boltzmann const. (1,38.1023 J. K1) B 4op 10 E
— A =wave length [m] % 22 7 R e
_ T 0 04 08 12 1.6 2
— T =temperature [K] Mooy, TR
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Radiation
Black body radiation

Stefan-Boltzmann law
Power emitted per unit surface, for all wave lengths [W.m2]

2k
h’c?

E,=cT" avec 6= =5,67.10°W.m=?.K™

Stefan-Boltzmann law is obtained by integrating Planck law over all wave lengths
and solid angles
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Radiation

Grey body radiation

A grey body absorbs only a fraction of the radiation it recieves

E —akE

Radiation that is not absorbed is reflected at the surface or transmitted within it

with 0 <a <1 absorption coefficient

absorbed recieved

Grey body emission : .
yRocy E, =ecT* with & =emissivity

Kirchoff law : A=c Note that a and € depend on
the wave length A
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Radiation

Electromagnetic waves propagation

Reflection
Emission
Incident akE eoT?
radiation W
akE |
Transmission O S :
: . v Absorption
with refraction A 4
eoT*
o is the reflection (l_ a-— O‘) E Emission

coefficient, referred to as
albedo
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Sun and Earth Radiation Emission Spectrum

Black body emissions curve of the Sune and the Earth

m 1 1 LI
80 /f\
e Sun T.= 6000K 70/ [
o Earth T,= 255K g | sun (scoteaty
"E Il' I'l, a factor of 1{]‘5}
S | |
e 30 |I I'l
- | |
5 |
™ 401 I|
S
E |
§ 0] ."I \\ e Earth
o |
10} /
o1 02 0304 06081 2 3 4567810 20 30 405080 80100
Wavelength (&) in pm
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The Sun

* Emission occurs at the photosphere — visible sun surface
* Photosphere Layer thickness 10 [km] — 100 [km]
* Temperature ~ 6000 [K], opaque to visible light

* Above the photosphere, visible light propagates away from
the sun, into space

b VISIble Ilght prOdUCQd by the 2.0 4 extraterrestrial solar spectral irradiance
. total area: 1367 W/m?
reaction between electrons and

blackbody spectrum for T = 5777 K
Hydrogen atoms, to produce H-ions total aeg: 00T P

* |t takes several thousands of years
for a photon to reach the
photosphere from the core

Spectral irradiance, W/(m? nm)

0 500 1000 1500 2000
Wavelenath, nm
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The Sun

e Sun’s output varies on many scales and has brightened of
about 30% during its existence.

e Since 1970 satellites measure the solar emissions showing
variations of about 0.1%.

e Energy recieved from the sun (10'’W) is four orders of
magintude larger than our energy conumption (1013W)

Satellites measure of the solar
constant S, i.e. the average radiation
(per unit surface) at the location of
the Earth.

-0.02

The solar constant varies little, i.e.
+1 W.m2 over 11 years

-0.04 -

change in Energy in (%)

-0.06 —

| I ] I |
1980 1985 1990 1995 2000 2005
year
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Radiation interaction with atmosphere:
Scattering/diffusion/reflection

We can identify three types of atmospheric scattering, depending on the relative size of
wavelength A and dimension d of ‘particles’:

1) Rayleigh scattering (A > d): primarily caused by oxygen and nitrogen molecules. The
effective diameters are at least 0.1 times smaller than the affected wavelengths.

1) Mie scattering (A ~ d): occurs when there are sufficient particles in the atmosphere that
have mean diameters from 0.1 to 10 times larger than the wavelength under
consideration.

1) Nonselective scattering (A < d): due to suspended aerosols with diameters at least 10
times larger than the wavelengths (particles of smoke, water droplets, ice crystals in the
clouds and fog). Nonselective scattering has impacts on almost all spectral bands.
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Annual average percentage cloud cover




®cenrrateon I

Albedo of Earth surface (%)
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Albedo and emissivity

Surface Albedo (short Emissivity (long Clouds Albedo
waves) waves)

Land 0.05 - 0.45 0.90-0.98 low 0.60—0.70
Desert 0.20-0.45 0.84-0.91 Mid-level 0.40-0.60
Field 0.16 —0.26 0.90 - 0.95 high (cirrus) 0.18-0.24
Forest 0.05 —0.20 0.97 - 0.99 Cumulus 0.65-0.75
Water 0.03-1.00 0.92 -0.97

Snow 0.40—0.95 0.82 -0.99

lce 0.20 - 0.45 0.92 -0.97

https://earthobservatory.nasa.gov/images/84499/measuring-earths-albedo
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Radiation interaction with atmosphere:

absorption
Shortwaves
Longwaves
Microwaves

Dissociation '
(For example: Og)

Vibration

(For example: CO,)

Rotation

For example: H,O
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Atmosphere — energy balance

Absorption due to atmosphere and clouds

,_.
I

The absorption coefficient
depends on the wave length.

Ak

Absorption
=1

—_—

The atmosphere essentialy
absorbs long wave radiation i

T

H.0 /\/\m
0

—_—o

Goody & Robinson (1951), Howard (1959)

0.1 1 10
L | Wavelength (um)
T T
Ultraviolet Visible Infrared
e
Solar radiation T Terrestrial & atmospheric radiation




B centracervoN

Atmosphere — energy balance
Energy balance of the atmosphere

Absorption of the incident solar flux

A1 ABSORPTION DU RAYONNEMENT SOLAIRE PAR L'ATMOSPHERE
/

i l’ \fm———" Courbe de 'énergie rayonnée par le corps noir & 6 000°K,

Courbe de la radiation solaire a |a limite supérieure de I'atmosphere.

Courbe de la radiation solaire au niveau de la mer en l'absence d'ab-
sorption. (L'écart entre cette courbe et la précédente est da a la dif-
fusion).

- [ TN S
; Les zones teintées en bleu représentent les bandes d'absorption.
.
s 10 L
~
— 1
= I
= | S H0
& | (¥
| Hz©
05 | i i
1 1
1 I
I 1
1 I
l : \
I 2 )
| VISBLE ! IR s .60
TR U S R A T L R — g
0 0.2 0.4 0.6 0,8 1.0 1,2 1.4 1,6 1,8 2.0 2,2 2.4 26 2,8 3.0

longueurs d'onde (1)

d'apres Handbook of Geophysics (1960).
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Atmosphere — energy balance

Spectrum of the long-wave radiation emitted by the Earth and the atmosphere.

Average emission temperature seen by space is 255 K.

a
1
H,>0 CO, % H>0 ~ 0 Earth
—_ 0.12 F Ty J I = _ Stratosphere
2 010 o b S p
€ 008} il =
g 0. i 100
% 0.06: % Tropopause
=< 0.04 |/ 7
o] ré 23| i
L'f‘ 0.02 . . _ . . e | ﬁ F Troposphere
0 =2 - 1000 F—r—TTTT T
200 400 600 800 1000 1200 1400 1600 1800 2000 190 230 270
WAVENUMBER (1/cm) TEMPERATURE (K)

Pierrehumbert, Physics Today (2011)
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Greenhouse effect

Absorber Just the Evrything but the Range of
absorber (%) absorber (%) contribution(%)
Water vapour 62 61 39-62
Clouds 36 85 15-36
Water vapour and clouds 81 33 67-85
CO2 25 86 14-25
Methane 1.6 99.3 0.7-1.6

The first two columns of numbers give the approximate percentage of the present green
house effect that would remain if either just the absorber or evrything but the absorber
were present, with temperature fixed; the third columun summarizes the range of the
contribution of the absorber (Vallis, Climate & the oceans, 2012).

Water vapour is the main GHG, BUT its concentration adjusts depending on temperature
over ‘short’ time scales!

27/03/2022 25
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Global Energy Flows (W m2)

102\ Reflected Solar 341 Incoming 239 [Outgoing
Radiation Solar Longwave
101.9Wm? Radiation Radiation

341.3Wm? 2385Wm?
Reflected by
Clouds and .
Atmosphere W 1 Pt
79 e .4 169
Atmosphere

333
Back
Radiation

80 333
Thermals Evapo- Surface

Surface transpiration Radiation = Absorbed by
Surface

Net absorbed
0.9

(Trenberth et al., 2009) Lo
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A radiation budget
Incident solar flux

e Temperature of the Sun surface = 5796 K

e Stefan-Boltzmann law

— E, =0T, =6,4.10'"W m”

A(um), T=300K

0 10 20 30 40
120 T I T | T I T

100
80
60
40
20
0 i | | I 1 O
0 04 08 12 16 2
A(um), T=6000K

e Wien’slaw =X, =0,5um

6000K
300K

30

Solar radiation is within the visible range, also
referred to as « short waves » (SW)

[\
[«

=
(W m3um), T

¢ MW m#/m), T
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A radiation budget

Incident solar flux
e Solar constant S: average solar flux [W.m2] attaining the Earth

E -4nR: =S -4nd?

Reun~0.71x10° km

Rearn~6.37x10% km

dT—S

Sun-Earth ~ 150x10° km

A
A
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A radiation budget

Incident Solar Flux
e Solar constant : average solar flux [W.m™2] attaining the Earth

Rs

S =E, ;> ~1365W.m"

2
T-S

—> variations of the solar flux at a given point of the surface depends on the local
orientation of the Earth surface

(b) /
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A radiation budget

S ~1365W.m™ S

'

S(l—OL)'TCR2=GTe4-4TCR2 — E =

S(1-a)

=238 W /m? and Te:4,/5:255 K
)

Average temperature at the Earth surface is T, = 288 K (15°C).

with a =0.3, we get E, =
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The green house effect

To explain the averaged earth surface temperature T = 288 K (15°C) we need to introduce
the atmosphere and its green-house effect.

The atmospehre is opaque to infrared photons emitted by the surface, that are therefore
absorbed. We model the atmosphere as a black body, so it emits photons based on its

temeperature. These photons are emitted downward and upward, toward space.

{Earth surface E_+oT' =0T/

Top of atmopshere E,_ =0T}

T = 4%En _303 K
)
with E._ _SA-o)
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A leaky blanket

We assume that the atmosphere absorbs just a fraction € (emissivity) of the surface
radiation that escapes to space.

{Ea rth surface E, +eoT! =0T

Top of atmopshere  E, =&oT, +(1-¢)oT,

1-¢)oT/
x% @ Combining the two we have
| TgaTa4 E = (2;8)0Te4

and therefore, for e =3/4

T = 2En _2g7 Kk
(2-¢)o

—_— e ———)
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Multiple layer model

A first estimate of the vertical structure of the atmosphere can be retrieved assuming
local radiative equilibrium, by means of a multi-layer model for the IR radiation and

considering an optical depth, defined as
Varying optical depth

S 1
1(2) = f e(z2)dz 151 — tau0=00|]
z = tau0=15
. . . . = tau0 =30
varying with height, with a model of the form Z 10l — tau0 =45 ||
%é tau0 = 6.0
.C
1(2) = 1ye%/Ha 5
I S | ]
Dominated by water vapour in the lower troposphere
and carbon dioxide in the upper troposhere. 0

260 300 340
Temperature (K)

Curves show equilibrium temperature with a varying 220
optical depth (reference 7,=8/3), H,=2 km and a

net incoming solar radiation of 239 W m=2.
(Vallis, 2019)
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Multiple layer model

The model provides a good estimate for the height of the tropopause. The results
however, provide a too high estimate of the Earth surface temperature and a therefore a
too steep temperature gradient. The profile has to be adjusted considering the role of air
convection.

16
=== Radiative equilibrium

14} ]
—— Radiative-convective equilibrium

Radiative equilibrium temperature
with 7,=8/3, H, =2 km.
------------------------------ Tropopause

The dashed line shows a schematic g 19

adjusted temperature with a lapse % gl
rate of 6.5 Kkm—tuptoa 2
tropopause (about 11 km)anda  + 6| (Vallis, 2019)
radiative equilibrium temperature 4l
in the stratosphere. ...
2_ .'.-.'"I-.,'.."
0 --.""'"L-..

220 240 260 280 300 320 340
Temperature (K)
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Perturbation of the equilibrium

What are the possible causes of an imbalance of the radiative budget ?

Ein = S(l_a) = (Z_S)GTe4 = I-out
4 2

e Changes in albedo a
e Changes in emissivity €

—> role of 'feedbacks'
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Albedo varying with T.?
Ice — Albeedo Feedback

- Positive

Melting of
sea ice 4

- Slow

We expect albedo to be reduced by
increasing temperature

a
. ice
Increase in :
absomed Lowered ; |
_ albedo  / no ice
sunlight I >

-

T
e WhenT, increases a decreases
and E;, will increase
e WhenT, decreases a increases
and E; will decrease
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Albedo varying with T.?

We expect albedo to be reduced by
increasing temperature. Therefore
E,, will increase with T,,.

- Multiple equilibria

Given by the minima of the

Lyapunov potential V-, defined such

that
dr B v,

dt ~  dT

27/03/2022
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Tellus (1982) 34, 10-16

Stochastic resonance in climatic change

By ROBERTO BENZI, Istituto di Fisica dell’Atmosfera, C.N.R., Piazza Luigi Sturzo 31, 00144, Roma,
Italy,
GIORGIO PARISI, I.LN.F.N., Laboratori Nazionali di Frascati, Frascati, Roma, Italy,
ALFONSO SUTERA, The Center for the Environment and Man, Hartford, Connecticut 06120, U.5.A.
and ANGELO VULPIANI, Istituto di Fisica *'G. Marconi”, Universita di Roma, Italy

Evolution de la température au cours du temps pour 300 simulations

3 - Simulation
=== @équilibre chaud
=== @équilibre froid
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| | | Carbon dioxide levels have crossed For the past several
400 ppm. This means the impacts of years, COy
climate change will be even more ;Onfen‘tifaltmmthave
pronounced—droughts, floods and sea UK EEE LY
level rise, for instance. If the world does BREACHES 323 pg\'l';'r:hz ‘ilsog EFST
not act to limit carbon dioxide emissions, 400 = hzman h?story

|
climate change will cause devastation
worldwide, and more so in South Asia.

In the last 50 ppm
The poor will end up with a raw deal PPMON increase, the Arc‘t)ig
MAY 9, 2013 melted. Imagine what

another 50 ppm
! . % increase will do
Carbon dioxide concentration at Mauna Loa Observatory, Hawaii s

0 IO o e e o e e e B o O e Diversity of even
common species found

. in most parts of the
Keeling curve : world will be badly hit.

380 Carbon dioxide concentrations at Mauna Loa Animal species in

are documented in a graph called the Keeling - particular may decline

Curve, named after Charles Keeling, who ' more as a result of loss
. of food from plants

began measurements there in 1958. The

measure of carbon dioxide concentration then ; Some environmental-
was 317 ppm -y ists are of the view

' 1 that to return to the
350 ppm level, use of
conventional energy

B World GHG sources has to be

emissions by sector in 2007 LZ;Z?T;:‘: fh:: td:,h,::.'s
(excludes land use change) IENYEICUEAL
measure will require
R SRRl finance and technologi-
cal assistance from
industrialised countries
3% to developing

370

360

350

340

CO5 Concentration (ppm)

Manufacturing

& = a% countries. Even though
4% _ e e
i = International institutions for
E Agriculture i Other Fuel  Electricity Bunker fuel = financial transfer exist
Industrial Combustion  and Heat Waste under UNFCCC, there is
Processes

: N no money and the
Transportation — 8 industrialised world
= ; _. = " has not provided

| % exclusive climate

finance to developing
countries yet

™
L d

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
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Change in radiative budget by adding GHG
(2—-2¢)

E., = > ol = goT,

The effective emissivity of the climate system is

(2—2¢)
E. =
b 2
If we model the atmospheric emissivity as a logarithmic function of CO, concentration (which is
itself an approximation),

e=klog|[CO,]

Increasing the [CO,] increases ¢ (i.e. the atmosphere becomes more opaque to long-wave
radiation). This in turn results in a decreased effective emissivity of the climate system: the
atmosphere emits more strongly, but it also absorbs the surface emission more strongly, leading
to a net decrease of TOA emission.

To re-establish a balance, T, has to increase. According to this balance, by doubling [CO,| we
have that ATe =~ 1.2 K
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Radiative Forcing (W/ mz)

Radiative Forcing due to aerosols

0.0 Suspended aerosols modifiy albedo o and
-0.5 therefore
S(1-a)
-1.0 E =
In 4
-1.5
2.0 - Pelee/ El Chichon . L
' Santa Maria Average direct radiative effect = =-0.5 W/m,
-2.5 - , o
-3.0 — Pinatubo
Krakatoa
-3.5

| | | | | 1
1880 1900 1920 1940 1960 1980 2000
Year

Forcing caused by volcanic eruptions

Sulfate aerosols absrob incoming radiation BUT
are also higly reflective
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Radiative Forcing due to aerosols

Volcanoes

Borneo
Sumatra Sulawesi

Batavia
(Jakarta)
o

Java

The 1815 Eruption of Mount Tambora (on the island of Sumbawa, Indonesia) was one of
the most powerful eruptions recorded in history. The eruption of the volcano reached a
climax on 10 April 1815 and was followed by increased steaming and small phreatic
eruptions (over 3 years).

3/27/2022
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The year without summer
1816

Weymoﬁth Bay w \
by John RA Constable™ ,

Two men at see C.D. Friedrich

3/27/2022 43
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Mount Agung I |
15 ;

Mount Pinatubg

0.0
— RAOBCORE 1.5

L HadAT2 \
L RATPACB —— % N

Temperature anomaly (“C)

T 'I Trrrirt I T rri

I “Lowek troposphere
El Chichdn

0.4

0.2

0.0

-0.2

-0.4

Temperature anomaly (°C)

TP L S S S RS S S T | L PRI R S S S R |

1 L |
1960 1870 198 1990 2000 2010

Figure 2.24 | Global annual average lower stratospheric (top) and lower tropospheric (bottom) temperature anomalies relative to a 1981-2010 climatology from different data
sets. STAR does not produce a lower tropospheric temperature product. Note that the y-axis resolution differs between the two panels.

3/27/2022
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Vertical temperature profile and CO, concentration

VOL. 24, NO. 3 JOURNAL OF THE ATMOSPHERIC SCIENCES MAY 1967

Equilibrium of the Atmosphere with a Given Distribution
of Relative Humidity

2.3=

Syukuro MaNABE AND RicaarD T. WETHERALD

Geophysical Fluid Dynamics Laboratory, ESSA, Washington, D. C.

1 O (Manuscript received 2 November 1966)

30

There-
fore, a series of radiative convective equilibrium
computations were performed. Fig. 16 shows the vertical
distributions of equilibrium temperature corresponding
to the three different CO,, i.e., 150, 300, and 600 ppm
contents by volume. In this figure, the following features
are noteworthy:

(mb)

J0RLLTY

e 20

PRESSURE

()

100=-

1) The larger the mixing ratio of carbon dioxide, the
warmer is the equilibrium temperature of the
earth’s surface and troposphere.

2) The larger the mixing ratio of carbon dioxide, the
colder is the equilibrium temperature of the
stratosphere. lll. Niklas Eimehed © Nobel Prize

3) Relatively speaking, the dependence of the Outreach

T T ™17 T - { e equilibrium temperature of the stratosphere on
180 " 200 " 2%0 " 2do " 260 " 2t CO; content is much larger than that of tropo- SYUKU ro Manabe

TEMPERATURE  (°K) : spheric temperature.

F16. 16, Vertical distributions of temperature in radiative con-
vective equilibrium for various values of COy content.

10

1000
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Radiative Forcing due to aerosols

Indirect radiative effect =-0.7 W/m,

Aerosols — Condensation nuclei that
trigger condesation

Ex: Clouds formations in ships tracks

- Aerosols Feedbacks

3/27/2022
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Cloud formation

Cumulonimbus
PSC Cloud Photo
Courtesy of Bill Schmitz
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Cloud formation
~—
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Cloud formation

il
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Clouds feedbacks (albedo & emissivity)

Clouds:
- Positive and negative feedback
- Fast

High level clouds (cirrus) trap
outgoing longwave radiation

Low level clouds (Cumulus)
reflect incoming shortwave
radiation
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Rcloudy ) Rclear Clouds

(@) Shortwave (global mean = -47.3 W m?) Effect of clouds inferred from satellite data by
F | ' comparing upwelling radiation in cloudy and

non-cloudy conditions (Ramanathan et al,
\ 1989).

e Enhancement of the planetary albedo: short-
wave cloud radiative effect (SWCRE) of
approximately =50 W m™2

(b) Longwave (global mean = 26.2 W m?)

ey % <
w"ﬂl‘.‘ s

e Contribution to the greenhouse effect: mean
longwave effect (LWCRE) of approximately

+30 W m™

)

_.ﬂ i Boucher et al. 2013

s

Figure 7.7 | Distribution of annual-mean top of the atmosphere (a) shortwave, (b)

Cloud Radiative Effect (W m?
_:H longwave, (c) net cloud radiative effects averaged over the period 2001-2011 from

-100 -50 0 50 100 the Clouds and the Earth’s Radiant Energy System (CERES) Energy Balanced and Filled
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Clouds
(©) Net (global mean = —21.1 W m?) Net cooling effect of clouds in current
: climate.
BUT!

“Owing to the large magnitudes of SWCRE and
LWCRE, clouds have the potential to cause
significant climate feedback.

Cloud Radiative Effect iW m'2i The sign of this feedback on climate change
N 3 cannot be determined from the sign of CRE in
-100 -50 0 50 100 the current climate, but depends instead on
how climate-sensitive the properties are that
Boucher et al. 2013 govern the LWCRE and SWCRE”.

https://www.climat-en-questions.fr/auteur/olivier-boucher

https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter07_FINAL-1.pdf

3/27/2022
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Water vapour feedbacks (emissivity)

Time series of tropical water vapour and tropical
Water-vapour feedback P g g
surface temperature. Plotted values are monthly
- Positive average anomalies, calculated relative to the entire
time series and average over 30° N—-30°S.
- Fast 10 — o
. . 3
A warming of the surface increases ; - 02 o
. . 5 5- 3]
atmospheric humidity and, because the = oo &
.. = 7 . =4
water vapor is itself a greenhouse gas, S 4 8
. el . = o+
this leads to additional warming § 5 —-02 g
L ©
[0} (]
1200 = 3
2104 — water vapor — -0.4 g
1000l = temperature 2
g "la=, | I | r— R0 >
= o0l 2002 2004 2006 2008 2010
§ Year
g 600} . .
- Most important feedback in the system
o
g 4001 Saturation water vapour increases
3 500l exponentially with temperature
O 1 ! ! L
0 20 40 60 80 100

Temperature (C)
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Climate Sensitivity

Measure of how much the Earth's climate will cool or warm after a change in the climate
system, for instance, how much it will warm for doubling in carbon dioxide concentrations

Charney Report (1979) : “We estimate the most
probable warming fo a doubling of CO2 to be
near 3°C with a probable error of 1.5 °C”

Jule Gregory Charney

3/27/2022
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Climate Sensitivity — the role of feedbaks

4.5

T T T T T T T

B PLANCK
4| EEEWV + LR |
[ _ISFC ALB
B CLOUDS

Bony & Dufresne (2008)

3.5

Response to a doubling of CO2
concentrations as given by
twelve different GCM

1 2 3 4 5 6 7 8 9 10 11 12
GCM number

https://www.carbonbrief.org/explainer-now-scientists-estimate-climate-sensitivity
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Cloud and climate system
Typical time & lenght scales

~105% :
= il Climate System
§ i General Circulation Model (GCM)
© 104!
© i
3
® | Super Parameterization (MMF)
c10°! &
— : Global Cloud-Resolving Model (GCRM)
102
' Cloud-Resolving Model (CRM)
: &
10': Large-Eddy Simulation (LES)
D B L L T L >

v 100 102 10 10* 105 10° 107
Spatial scale (m)
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Global circulation models

ldentifying fingerprints in the climate

Klaus Hasselmann developed methods for distinguishing between
natural and human causes (fingerprints) of atmospheric heating.
Comparison between changes in the mean temperature in relation to
the average for 1901-1950 (°C).

—— (Observations

=== (Calculations that show
the effect of only natural
sources, such as volcanic
eruptions.

=== (Calculations of the effect
of both natural and
human sources.

1 Volcanic eruptions

Observations of changes in temperature (°C)

0.5 :
)l Pinatubo i~
1 Santa Maria Agl El Chichon . L .
4 gtgmg m o ; I1l. Niklas ElImehed © Nobel Prize
'I.U - T T T I T T T | T T T I - T T T I - T 'II T [ T T -
1900 1920 1940 19460 1980 2000 OUheaCh
Year Klaus Hasselmann

Source: Hegerl and Zweirs (2011) Use of models in detection &
attribution of climate change, WIREs Climate Change.

®©Johan Jarnestad/The Royal Swedish Academy of Sciences

27/03/2022
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Multiple layer model

16

- == Radiative equilibrium

14} ]
—— Radiative-convective equilibrium

12¢

e Tropopause

Height (km)
o

(Vallis, 2019)

220 240 260 280 300 _ 320 _ 340
Temperature (K)

1. The ‘radiative equilibrium’ profile is unstbable.
2. It has to be adjusted to take into account the role of convection.
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Global Energy Flows (W m)

102\ Reflected Solar 341 Incoming 239 [Outgoing
Radiation Solar Longwave
101.9Wm? Radiation Radiation

341.3Wm? 2385Wm?
Reflected by
Clouds and .
Atmosphere W 1 Pt
79 e .4 169
Atmosphere

333
Back
Radiation

80 333
Thermals Evapo- Surface

Surface transpiration Radiation = Absorbed by
Surface

Net absorbed
0.9

(Trenberth et al., 2009) Lo
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Radiative balance at the Earth surface

Rv = K - K + L - L
Net radiative Incident solar  Reflected solar Incident Flux from the
flux flux flux atmospheric  Earth surface
flux

e The net radiation (W.m™2) is the power "availible" at the surface in order to:
— Heat the surface Qg
— Heat the air by conduction/convection (sensible heat flux) Hy= 17 W m -2
— Induce evaporation (latent heat flux) Qc = 80 W m -2

Net radiative flux Flux toward Sensible heat flux Latent heat flux
the ground

e Most of the solar and infrared energy input is used to evaporate water!
Atmospheric warming occurs ‘later’ when vapour condenses
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Radiation budget

b Annual Radiation Budget
450

400} :
Incoming radiation !
350} I
| Outgoing radiation

300

\A4

)

250

200

\A4

150

Net radiation '\ peicit

- — Equator —

100

Energy (watts per square meter)

-100

150 I NN L) DN [ D | 1
85 65 45 25 § § 25 45 65 85
Latitude (Degrees)
Southem Hemisphere Northem Hemisphere
©The COMET Program
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Poleward heat transfer

Meridional Atmosphere and Ocean Heat Transports

Heat Transport (PW)

'
S
IIIIIIII

L1 L1 e L R | L1 [ L1
80°S 60°S 40°S 20°S EQ 20°N 40°N 60°N 80°N

Latitude

Required Total Heat Transport
= = = QOceanic Heat Transport
=== Atmospheric Heat Transport

Trenberth and Caron 2001
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Poleward heat transfer

i i

Latent -

Northward heat flux (PW)

north
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Atmosphere Dynamics

Driven by:
* Buoyancy effects

solar radiation, convection, stratification
e Rotational effects

Coriolis

NASA Goddard Space Flight Centre
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Hadley Cells

Estimates of the stream function
(posmve antlclockW|se)

p

t

Sketch of the circulation

Subtropical jet
\

Polar Jet O

! :.,.e\.p "

S J.\.

e
o=t

'l
L
1
]
1
1

Jf\

Equator

. .-

A
»

.

EQ 308

2
w
w
o

North Pole

Intertropical

Northerlies Sou-westerlies NE Trade Winds convergence zone

(cold) (warm)

1. Sun warms air over the equator
2. Airrises, drawing in warm moist air from both sides
3. Moist rising air cools, forming clouds

305 60S  SP
(Randall, 2012)
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Cells and zonal winds in Jupiter

Jupiter:
* Length of the day is approx. 10h
* Radius is 69911 km (Earth radius is 6 371 km)

Image obtained from the Cassini probe in autumn 2000

3/27/2022
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Atmospheric patterns

North Pole

Polar cell

Ferrel cell

Descending
_~cool dry air

- Hadley
cell

Rising

=8 — moist
warm

air

> Hadley
cell

S
Descending
cool dry air

Rising moist warm air

Polar cell

South Pole

NASA Goddard Space Flight Centre
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Effect of rotation

Q
S A Q\/ﬂ
N. Pole| k ,"/" k

Q= 0%k
r A
/X k
‘ 3
Equaro, Equator
The f-plane approximation
Flow occurs in the tangent plane, with a constant
S. Pole

angular velocity: _
f, =2QsIn Y



B centracervoN

Geostrophic Flows

Scale analysis of the Navier-Stokes equation (horizontal component)

v

D _ 1 o _
—U=—=Vp-fkxU+wW<
Dt o,
Rossby number
Inertial and Coriolis effects:

a-via U/L U
— ~ ~ Carl-Gustaf Arvid Rosshy
@x U, QU QL (1898 — 1957)

Rossby number small = Coriolis effects important

Ekman number
Viscous and Coriolis effects:
vViO U/ v
oxi, QU QP
Ekman number small = Coriolis effects important Vagn Walfrid Ekman
(1874 — 1954)
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Geostrophic Flows

Scale analysis of the Navier-Stokes equation (horizontal component)

Typical scales D 1 A
105 2. oL —U:——Vp—kaU+VVZU
v~10°| m*s? | D
3 P fU-103 o107
p~1[kg-m :| U_2~10_4 5 2
L

f ~10"| rad-s™ |
U~1O[m-s'1] Rossby and Ekman numbers are small, so that the

horizontal ‘geostrophic’ flow Uy is a balance between the
L ~10°[m] Coriolis term and the pressure gradient

f Ile_J’g =—£Vp
Yo,
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Geostrophic Flows

§ =— k x vp Geostrophic wind: mid-latitude synoptic circulation

Anti-
cyclonic
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Geostrophic Flows

Weather systems

Forecast Valid: Wad 13 Now 3013 12 UTC
- -0 BT 5

Analysia for Tus 12 Nov #2013 06 UTC
- risa v
-

_ The fronts
show the

direction of

Forecast Valid: Tus 12 Nev 2013 12 UTG
- R s
”

Copyright KNMI
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Fronts at mid latitudes

Cold front
<
90 ~ Upper s, Upper of e
<
a ridge ¢ fo%@ o i e
Upper-Level Chart ‘ T
\ }
i T Cirrus clouds
: Winter Clouds
Warmer air sn‘ow + 3 thickening
/o o9 = et
air 0 7 W Precipitation
o - Warm front

N

Milky Clear ot at® Falling
skies‘// skies sure N / b pressure
Rising pres /
v -%&Q Warm air
/ © o
) /

s\ .
Falling '€ &\
Surface Map Cloud

https://www.youtube.com/watch?v=dwlQds-4I7I
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Steady Geostrophic flow:

3N

Taylor-Proudman theorem

= = ol =
o | f(k-V)u:O or: —=0
fkxli=——Vp 0z
. P > = Geostrophic flow is 2D
Taking the curl:
V x( f I?x U) = —EV X (Vp) Taylor-Proudman columns
P )
b X
_===1"-=-§~ . E—

Sir Geoffrey Ingram Taylor
(1886-1975)

Joseph Proudman
(1888-1975)



ECOLE
cenTrALEYON [

Taylor-Proudman columns

MIT : Atmosphere, Ocean and Climate Dynamics
http://www.youtube.com/watch?v=UKA8RoZrCdg
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Taylor-Proudman columns

f=l "
O Los/Angeles
o LongiBeach

Guadalupe

Google Earth
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___________________________ Thermal wind

-
~.
~.
~
~
~.
~

---Higher pressure > Lower pressure

_____ -

w>0 .. isobars

Warm, - “~.Cold, ™
light denhse
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Rossby waves

Occur when geostrophic flow is deflected in such a
way that it violates the Taylor-Proudman theory.

Can be caused by:
* Changes in angular velocity
e Changes in depth
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Rossby waves

Geostrophic flow Z—T—ZQV _ _i?
X
2“ 20 %0 =—1vp Y ’1’8
t P Flow on the Xy — plane T—+2Qu =P
Continuity ot p 0
ou av oW 0 8_u+@ 0
OX ay oz | OX oy

The fS-plane approximation:
Q varies with latitude 2Q = f, + Sy
where f=2Qc0s3/R (R is the radius of the Earth)
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Rossby waves
Cross differentiate

o ) Look for solutions independent of y
o°u 1 0°p
- py=-= Lo
2 2
oV +( f, _I_ﬂy)a_u — _i o'p = from continuity then a—u=0
| tox OX  p OXoy X
Dispersion relationship:
[ Assume a wave-type solution: oK) = B
2 v =V, exp{i(wt —kx)} K
oV + V=0 - = Vo EXP @ Phase velocity:
otox From which: Lo _a,_z
| [0k +B]v, =0 "k B
Group velocity:
¢ Jdo_o
g dk ,B p

\
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Rossby waves

Geostrophic flow

%u+2£2xu _—EVp )

Jo,
Uniform flow

6—u=@=0but @7&0 (2)
07 02 0z

Continuity
au 8v ow

x oy a =0 ()

|
d Q) Laboratory experiments

fffff{fé’fff’f”fi w=Vvtané in rotating tank

bfffffff
i oh_

Z h 0
l y OX
A EEEEEEEEEEEEEEEEEEEEJWZO
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Northern Atlantic Oscillation (NAQO)

NAO is related to the pressure difference between Island (low) and Azores (high)

Strong polar
vortex

Arctic air Relatively mild
constrained Mild and o

wet invades south

Jet stream »
" . Mildand

-
T ,
Starfs. . —> e

| o Strong

‘ Weak subtropic
Y subtropic high- high-pressure center
pressure center /| | N

e Positive NAO: strong polar vortex that constrains cold artic air to the north and allows
warm air from southern latitudes to reach far north in Europe

e Negative NAO: weak polar vortex, more sinusoidal jet stream that allow cold air to invade
northern Europe
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Polar modes
Blocking (Winter 1963) — The Big Freeze (-20°in Scotland)

NOAA-CIRES /Climate Diognostics Center

Ridge off the
west US coast< '
/

/
/] 57
/] 4
y :

5700

5800

Anticyclonic cell over Iceland
3/27/2022
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