Radiative Forcing
AOSC 433/633 & CHEM 433

Goals: Ross Salawitch

* Understanding interaction between gases and IR radiation

» Radiative forcing of greenhouse gases

» Radiative forcing of aerosols Earth’s radiance as viewed from space
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Snow Day, etc

* P Set #2 now due Thurs, 26 Feb (one week from today)

* First exam will now be held Tues, 3 March (in class)
See me, Austin, or Tim ASAP if this new date poses a problem
 First lecture scheduled for return from spring break, which had

been a “review”, will no longer be given
New schedule on class website

Old schedule at http://www.atmos.umd.edu/~rjs/class/spr2015/index old.html

* To obtain PDF file of material presented in class (one box per page),
change “handout” to “class” in URL of lecture

* To obtain PDFs of 2 per page lecture material, both handout & class,
go to http://www.atmos.umd.edu/~rjs/class/spr2015/lectures/2pp
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Radiative Forcing of Climate, 1750 to 2005

Radiative forcing of climate between 1750 and 2005
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Global Warming Potential

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Table 3.2 Examples of Greenhouse Gases

Preindustrial

Name and Concentration Concentration Atmospheric Anthropogenic Global Warming
Chemical Formula (1750) in 2008 Lifetime (years) Sources Potential
carbon dioxide 270 ppm 388 ppm 50-200* Fossil fuel combustion, 1
co, deforestation, cement

production
methane 700 ppb 1760 ppb 12 Rice paddies, waste 21
GH% dumps, livestock
nitrous oxide 275 ppb 322 ppb 120 Fertilizers, industrial 310
N,O production,

combustion
CFC-12 CCl,F, 0 0.56 ppb 102 Liquid coolan 8100

*A single value for the atmospheric lifetime of CO, is not possible. Removal mechanisms take place at differ
based on several removal mechanisms.

rates. The range given is an estimate
_ Chapter 3, Chemistry in Context
Lecture 6, Slide 6

year time horizon

Why are some GHGs so much more effective than others?
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Lecture 3, Slide 11 Atmospheric Radiation

« Solar irradiance (downwelling) at top of atmosphere occurs at wavelengths
between ~200 and 2000 nm (~5750 K “black body” temperature)

« Thermal irradiance (upwelling) at top of the atmosphere occurs at wavelengths
between ~5 and 50 um (~245 K “black body” temperature)

(a)
Panel (a): Curves of black-body energy versus
4B, wavelength for 5750 K (Sun’s approximate
temperature) and for 245 K (Earth’s mean
temperature). The curves are drawn with equal area
since, integrated over the entire Earth at the top of
the atmosphere, the solar (downwelling) and
(b) — = A/um terrestrial (upwelling) fluxes must be equal.

0-1 1 10 100

| I - - D S | b - S - I I et L L IT]

T 5750 K 245 K

Panel (b): absorption by atmospheric gases for a
clear vertical column of the atmosphere (1.0
represents complete absorption).

Absorption

0, O, 0O, HO CO, O, CO, H,0
H,O0

From Houghton, Physics of Atmospheres, 1991

» Absorption and photodissociation in the UV occurs due to changes in the electronic
state (orbital configuration) of molecules

» Absorption and re-emission in the IR occurs due to changes in vibrational and rotational
states of molecules with electric dipole moments

Copyright © 2015 University of Maryland
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Radiation & Molecules

Radiation can induce photo-dissociation (March 10 lecture), vibration, and rotation of molecules.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

shorter longer
Wavelength £
Ultraviolet Visible Infrared Microwave
| B S %
_> <—
molecule dissociates molecule vibrates molecule rotates

Fig 3.19, Chemistry in Context
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Radiation & Molecules

Radiation can induce photo-dissociation (March 10 lecture), vibration, and rotation of molecules.

Thermal IR radiation is not energetic enough to break molecular bonds (i.e., photo-dissociate).
Upon absorption, thermal IR will increase the vibrational energy of a molecule

CO, (linear molecule) has 4 vibrational modes (see below): for molecules vibrational frequencies

are quantized. That is, only certain energies for the system are allowed. Most importantly, only
photons with certain wavelengths (energies) will excite molecular vibrations.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduchon or display.
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Fig 3.16, Chemistry in Context
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Excitation of Molecules
A greenhouse gas must have either

« naturally occurring dipole moment

« exhibit a dipole moment during vibration

Dipole moment = product of magnitude of charges & distance of separation between charges:
i.e., a molecule is said to have a dipole moment if it has a non-zero
spatial distribution of charge

® — ® ()- - (:+ - ()-
.N=NQ — —
DP

I
o

.0=0, o=c=0

A/

180°

Fig 3.14, Chemistry in Context
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Excitation of Molecules
A greenhouse gas must have either

« naturally occurring dipole moment

« exhibit a dipole moment during vibration

Dipole moment = product of magnitude of charges & distance of separation between charges:
i.e., a molecule is said to have a dipole moment if it has a non-zero
spatial distribution of charge

Symmetric Stretch: no dipole moment

Symmetric stretch

O"— C — 0O°
DP =0

O~ C* O~
DP =0

Copyright © 2015 University of Maryland
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Excitation of Molecules
A greenhouse gas must have either

« naturally occurring dipole moment

« exhibit a dipole moment during vibration

Dipole moment = product of magnitude of charges & distance of separation between charges:

i.e., a molecule is said to have a dipole moment if it has a non-zero
spatial distribution of charge

Anti-symmetric Stretch: dipole moment

Symmetric stretch

0" — C*— O°
DP=0

0" —C* 0"
DP = —>

Copyright © 2015 University of Maryland
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Excitation of Molecules
A greenhouse gas must have either

« naturally occurring dipole moment

» exhibit a dipole moment during vibration

Dipole moment = product of magnitude of charges & distance of separation between charges:

i.e., a molecule is said to have a dipole moment if it has a non-zero
spatial distribution of charge

3 N -5 freqgs for linear molecules,
Vibration N atoms: 4 fregs for CO,

T
Etretn:hing vibration B&ndmg*.-ubra'.u:nn

l L l |

Symmetrical Asymmaetrical In plane bending QOut of plane bending
stretching vibration stretching wibration vihraticml vibration
o—=C 0 o—C—0 o—C—0 Q=—C —0
— — —_— —F
L) ¥
-1 -1 -1 -1
1340 cm 2350 cm 666 cm 666 cm
IR inactive IR active IR active IR active

http://www.vidyarthiplus.in/2013/12/cy6151-engineering-chemistry-1.html#.VOUgai4R XIY
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Excitation of Molecules

Wavenumber = 1 /Wavelength

1/2350 cm~' =4.25x10“%cm = 4.25x10°m = 4.25 pym
1/666 cm~' =1.50x103cm =15.0x10°m =15.0 um

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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Fig 3.17, Chemistry in Context Wavelength (um)
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Excitation of Molecules
A greenhouse gas must have either

« naturally occurring dipole moment

» exhibit a dipole moment during vibration

Dipole moment = product of magnitude of charges & distance of separation between charges:
i.e., a molecule is said to have a dipole moment if it has a non-zero
spatial distribution of charge

CH, also has no natural dipole moment: charge is uniformly distributed

Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

H
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H |
H

Figs 3.10 & 3.11, Chemistry in Context
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Excitation of Molecules
A greenhouse gas must have either

« naturally occurring dipole moment

» exhibit a dipole moment during vibration

Dipole moment = product of magnitude of charges & distance of separation between charges:

i.e., a molecule is said to have a dipole moment if it has a non-zero

spatial distribution of charge

CH, has numerous vibrational modes, some of which interact
with the IR field

3 N - 6 freqgs for linear molecules,

N atoms: 6 freqs for CH,

I

#1 #2 #3 #4
3.31 um 6.32 um 3.17 um 7.31 pm

http://www?2.ess.ucla.edu/~schauble/MoleculeHTML/CH4 html/CH4 page.html

Copyright © 2015 University of Maryland
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Excitation of Molecules
A greenhouse gas must have either

« naturally occurring dipole moment

» exhibit a dipole moment during vibration

Dipole moment = product of magnitude of charges & distance of separation between charges:

i.e., a molecule is said to have a dipole moment if it has a non-zero
spatial distribution of charge

H,O has a natural dipole moment !

_O—

/ \
HC SH

104.5°

!

Fig 3.13, Chemistry in Context
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Absorption vs. Wavelength

Absorbtivity

AL

e —

- ?%53 >o»mw§§§&é$n§.§$3»» S
Gait it i §
S i B S ok R e B A L Qm

Lelrnaiia e i

L e S
ek B P LR R -s s
e e
T EisEhdane =

B s e ’iﬂn‘ig?—?v?‘? S

Incoming short Transmitted .
> Qutgoing long
= wavelengths
z 5800 K wavelengths
2 Absorbed 288K
= sorbe
o \ Y
: L ; e
Bl oz flect] | o i
. i) £ e mg@m
0 fidh, T e TN L. | PR e fgk piitdeg Beuties . L
0 1 2 3 4 10 20 30 40 50

Wavelength (pm)

Masters, Intro. to Environmental Engineering and Science, 2" ed.

Copyright © 2015 University of Maryland

Gray shaded region denotes
normalized absorptivity.

“0” — all radiation transmitted
through atmosphere.

1” — complete absorption.
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The spectrum of the infrared energy emitted by the Earth *? The various features are the
absorption/emission bands of atmospheric gases, especially water vapour, ozone, and carbon
dioxide (Fig. 2.5). The area under the Earth’s spectrum, when averaged over latitude, longitude,
and time, and integrated over wavelength, is about the same as the area obtained by integrating
the Planck function (represented at four different temperatures by the smooth curves) for a
temperature of 255K, At this temperature, the thermal infrared emission from the Earth just
balances the incoming solar radiative energy at shorter UV, visible, and near-infrared
wavelengths.

https://scienceofdoom.files.wordpress.com/2010/03/radiation-earth-from-space-taylor-499px.png
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The Greenhouse Effect

Molecules of CO, that absorb specific wavelengths of IR energy experience different fates. Some hold
that extra energy for a brief time, then re-emit it in all directions as heat. Others collide with
atmospheric molecules like N, and O, and can transfer some of the absorbed energy to those
molecules, also as heat. Through both processes CO, “traps” some of the IR radiation emitted by

the Earth ... this is what makes CO, a greenhouse gas,

IR through

IR through atmospheric window atmospheric Reradiated IR
window to space
/C02
O 1R window o 2R
< 80 Space
= | o —] Absorbed by
& 60 an | 3 H,0, CO,, CH,, N,O
a. Atmosphere
g 40 H,0 m P
= ' Reradiated IR
e !
20 N, back to surface
0 N,O CH4_ ' _ i m——— m— .
4 6 8 10 12 14 16 IR radiated Earth surface
Wavelength (1m) from surface
(a) (b)
Figure: 08-11
Copyright © 2008 Pearson Prentice Hall, Inc.
Masters, Intro. to Environmental Engineering and Science, 3d ed.
Copyright © 2015 University of Maryland 18
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Lecture 2, Slide 6 Radiative Forcing

Reflected Solar Incoming 235 Outgoing
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FAQ 1.1, Figure 1. Etimate of the Earth’s amual and giobal mean energy balance. Over §ie long ferm, the amaunt of incoming sofar raoiation abaorbed by the Earth and
amosphere iz balanced by the Earth and &mosphiere releasing the same amount of ouigoing longwave radiafon. About haif of the incoming soiar radiaion i absorbed by the
Eath's surface Tz energy iz transferred to the atmosphere by warming the ar in confact with the surface thermals), by evapofranspiration and by longwave radiafon thet is

abzorbed by douds and greenfiouse gases. The atmosphere in tum ragiates longwave engrgy back to Earth az well as out o space Source: Kigh! and Trenberth (1847

Question 1.1, IPCC, 2007

Radiative Forcing of Climate is Change in Energy

reaching the lower atmosphere (surface to tropopause) as GHGs rise.

“Back Radiation” is most important term.
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How does RF change with concentration?

Wigley (1987)
C

e AF=xln(—)

Logarithmic
T region(CO,) Cn
el [
'E ; [ % | "
Z Forcing proportional AF=x(\V(C )—\ ( ) )
® to square root (CHy4, N,O) ' o
._‘_g;
%

=—— Linear region (halocarbons) AF=« ( C- C‘r))

Concentration —~
Masters, Introduction to Environmental Engineering and Science, 1998

Effectiveness of a GHG depends on “saturation” of absorption band.

Highly saturated (most of the outgoing radiation is already absorbed) bands are
less sensitive to increases in GHG concentration than partially or non saturated bands.

Copyright © 2015 University of Maryland
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How does RF change with concentration?

Table 6.2: Simplified expressions for calculation of radiative forcing due to C 02, CH » NzO, and halocarbons.
The first row for C 02 lists an expression with a form similar to IPCC (1990) but with newer values of the

constants. The second row for C 02 is @ more complete and updated expression similar in form to that of Shi

(1992). The third row expression for CO ., is from WMO (1999), based in turn on Hansen et al. (1988). / _ ( -
2 AF=«In(—)

o o Radiative forct 2 C
Trace gas Simplified expression Radiative forcing, AF (Wm™) Constants o

co AF = aln(CIC ) @=535 /

2

- r I'll & — W -
CH, AF=a(/M VM) - (fFM.N) - M. N,) ¢=0036 < AF=0(N(C)—\(C
N,O AF= &N - v"NU) - (F(M,N) - f(M.N))) a=0.12 /
CFC-11a aF=a(X - X)) a =025
CFC-12 AF= (X _xEJ) =032

B
&>
I
=
N
I
)

F{M.M) = 0.47 In[1+2.01x107° (MN)275+5.31x107° M(MN)L52]

Cis CO;z in ppm

M is CH4 in ppb

N is N2C in ppb

X is CFCin ppb

The constant in the simplified expression for COz for the first row is based on radiative transfer calculations with
three-dimensional climatological meteorclogical input data (Myhre et al., 1998b). For the second and third rows, constants
are derived with radiative transfer calculations using one-dimensional global average meteorological input data from Shi
(1992) and Hansen et al. (1988), respectively.

The subscript 0 denotes the unperturbed concentration.

2 The same expression is used for all CFCs and CFC replacements, but with different values for ¢ (i.e., the radiative
efficiencies in Table 6.7).

IPCC Third Assessment Report, 2001

Copyright © 2015 University of Maryland
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How does RF change with concentration?

Table 8.SM.1 | Supplementary for Table 8.3: RF formulae for CO,, CH, and N,0.

Notes:

f(M, N) =047 In [1+2.01x10~

Cis CO; in ppm.
M is CH, in pph.
N is N,0 in ppb.

(MN)0.75 + 531107 M (MN)'#]]

The subscript 0 denotes the unperturbed molar fraction for the species being evaluated.
However, note that for the CH, forcing N, should refer to present-day N,O, and for the N,0
forcing M, should refer to present-day CH,.

Gas | RF (inW m™) Constant o o i
// AF=xIn(—)
€0, | AF=aln(C/C,) 5.35 C
i, | AF =a(NM =M, )= (F(MN,)-F (M, N, ) | 0036 —
( 0) 0 0s"%0 \AF D{( ( ) ( n})
N,0 AF=a(\/N—\/N_O)—(f(M N)—f(MO,NO)) 0.12
v | gemer | s | e
cal Name ppb-) AF=x(C-C )
CFC-11 CClLF 45.0 0.26 o
CFC-12 CCl,F, 100.0 0.32 /

IPCC Fifth Assessment Report, 2013

Copyright © 2015 University of Maryland
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Change in

RF: CH, and N,O
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This material may not be reproduced or redistributed, in whole or in part,
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Change in RF: CH, and N,O

Accounting for the overlap between CH, and N,O:

AF .y = 0.036Wm *ppb " V CH, ™) — v CH;™M™ )

_( ‘. £ (ijINAL? N; (:)]:HTTIAL ) — £ (ijﬂTTIALT N3 (:)]:HTTIAL ) }

AF o = 0.12Wm™ ppb "7 (V (N, 0T ) — (N, O

_( ‘. £ (ijﬂTTIAL? Nz (:)FINAL \— £ (jHjlﬂTTIAL? Ng (:)]NJ_TIAL ) )

where (:THTHM . E?Hf]ml’. N, QAL N, O™ are all in units of ppb
and f(M,N)=047 In (1+2.01 X107 (MN)*""+5.31 x10” "M (MN)"**),

where M 1s CH, & N 1s N, O, agam both i units of ppb

Table 6.2, IPCC 2001
Table 8.SM.1, IPCC 2013

Copyright © 2015 University of Maryland
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Graphical representation of change in RF:
CH, and N,O
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Change in RF: CFCs

'?‘_f_:t 3
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CFCs absorb in wavelength regions that are relatively unaffected by other species
(i.e. the atmospheric window is clear). The addition of absorbing species at these

wavelengths can have a strong affect on the radiative flux. As such, CFCs have a
linear affect on forcing:

. B where C is the initial concentration,
AF=a(C Co) a is different for each species.

Masters, Intro. to Environmental Engineering and Science, 2" ed.

Copyright © 2015 University of Maryland
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Change in RF: CFCs
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Radiative forcing of climate between 1750 and 2011
Forcing agent

1 . ! 1 L | L I
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Fig 8.15, IPCC 2013 adiative Forcing (W m)

Hatched bars correspond to a newly introduced concept called Effective RF, which allows for some
“tropospheric adjustment” to initial perturbation
Solid bars represent traditional RF (quantity typically shown)

Large uncertainty in aerosol RF

e scatter and absorb radiation (direct radiative forcing)
» affect cloud formation (indirect radiative forcing)

Copyright © 2012 University of Maryland.
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Tropospheric Aerosol RF
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Figure 8.8 | Time evolution of RF due to aerosol-radiation interaction and BC on
snow and ice.

Fig 8.8, IPCC 2013: Only Direct RF of aerosols considered here
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Tropospheric Aerosol RF
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Fig 3, Canty et al. 2013: Direct & Indirect RF of aerosols considered here !
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Tropospheric Sulfate aerosols
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Modeled surface concentration of sulfate (ppt)
(Koch et al., JGR, 2007)
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Black Carbon Aerosols
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Black Carbon emissions (ton/yr) for 1996. Includes emissions from
fuel combustion (fossil fuels and biofuels) and open biomass burning
(forest fires, savanna burning and outdoor cooking)

(Ramanathan and Carmichael, Nature, 2009)
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http://www.grida.no/climate/IPCC tar/wg1/253.htm#fig67

Global View

All forcings (1750-2000) are in Wm-2
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Volcanic aerosols

Volcanoes may add massive amounts of aerosols
to upper atmosphere, effects may last years.

Current aerosol optical depth in stratosphere is
low (stratosphere is relatively free of aerosols).

Sato et al. 1993
oo Stothers 1996
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