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Part Il Photochemistry

e Reaction with radicals

e OH radical chemistry

e Oxidation of CO and methane

e The photostationary equlibrium

e The role of Nox in Ozone Production
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Tropospheric Chemistry (gas phase)

Table 3: Composition of the Atmosphere

J—

species relative abundance source comment
(patts per billion
by volutne)
Sou rces N 781 X 108 biologic long lived
O 201 % 10f biclogic long lived
H:O 108 — 107 physical long lived
Ar 934 x 10° radiogenic permanent
CiOg 3.5 % 107 biologic, wvariable,
industrial increasing
He 1.8 x 101 interior permanent
[ [] = ] T I o il o
b I O I O I Ca | p— biclogic variable,
. = i 15
- - .Y T iHterior DT AN et
b Hz 5.0 x 10F biologic, variable
I agen I C photochemical
M0 3.0 % 10F biologic, increasing
industrial
co 1.0 x 10? photochemical, variable,
industrial increasing
S0 <10~ industrial variable

photochetnical ] variable I 1
ifiterior nertn ane no emISSIOn

, T LS 114

= . NO biclogic
I n d u Strl a | — CH,Cl &0 x 107! biclogic short lived
—=n CC1:Fs 2.9 % 107t induatrial increasing
- industrial
an ’ opagenI‘ y 9.8 x 107 industrial
l CH3Br 1.0 % 1072 biologic, possibly
industrial increasing

*Relatively short lived, with an average lifetime of roughly
. one month.
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TROPOSPHERIC CHEMISTRY

e NO, VOC's

29%
14%
B On-Road [ Comb-Elec Util B Comb-Industn
[0 Non-road I All Other B Comb-Other Emission Density
: Ml High
B [ ] Above Average
: [] Average
B Below Average
e B Low EPA, 1995 emissions
‘¢': —
. = JIEL
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Tropospheric Chemistry

=

1CH, > No chemical reaction
30, CH, lifetime —» o«

The reaction with O, is kinetically hindered
at low temperatures
(O - 100km altitude: 205K - 310K)

|
—
, - }
. M s Edy, B
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Atmsopheric Chemistry

CO+0OH — CO,+H

1971: lifetime of CO in the troposphere shorter than expexted

NO, + VOC @+ 0,—— 0,
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Atmsopheric Chemistry

Anthropogen,

- Trace

S

O;

(photolysis)
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Atmsopheric Chemistry

p—

Table 2 Global turnover of the major tropospheric trace gases and attribution to the major oxidants

o Global loss rate Removal (%)

Trace gas Global lifetime (Tmol per year)
OH?® 04 NOf Other

co 1.5 months 100 85 - - 15 (Soil uptake)
Hz 2 years 38 25 - - 75 (Soil uptake)
CH,4 8 years 36 90 - - 10 (Soil uptake; stratos.)
Isoprene Hours” 8 80 7 13 -
S0, Days” 5 30 - - 70 (Hetero. in clouds)
NO, 0.3-5 days”’ 3 50 40 - 10 (Soil uptake)
Terpenes Hours” 1 20 25 55 —
CoHg 2 months 0.7 80 - - 20 (Cl reaction)”
N0 120 years 06 - - - 100 (Stratosphere)
(CH3),S Days"” 0.5 70" - 30 -

Jsing a mean global OH concentration of 1 = 10° cm 2.

"Jsing a mean global 05 concentration of 30 ppbv.

“Using a mean global NOs concentration of 1 ppiv.

“rder of magnitude or range of local lifetimes. These are too short and variable to make a global lifetime meaningful.

#pper limit using a mean global Gl concentration of 1 x 10% cm &,

3D model; Isaksen, private communication. Due to a strong anticorrelation induced by the oceanic emission of (CHs).5 and continental emission of NOs removal by NO4 is less
than that calculated from the global means (footnote a), (footnote ¢) which would assign 85% of the (CHs)2S loss to NO-.

Adapted and expanded from Ehhalt, D.H., 1999a. Chapter 2: Gas phase chemistry of the troposphere. In: Zeliner, RB. (Guest ed.), Baumgartel, H., Grilnbein, W., Hensel, F. (eds.),
Global Aspects of Atmospheric Chemistry, Topics in Physical Chemistry, vol. 6. Steinkopff, Darmstadt, pp. 21-109.
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Sources of OH

[—

O3 + hv—0O('D) + 0O, 2<340nm

O('D) + Ny — O(%P) + N3 Most O1D are quenched
O('D) + O, — O(’P) 4+ O,

Conz: 107 cm-3
O('D) + H,0 —[or + o]

0(3[’) + 0y + M—=03 +M O(3P) is too reactive
(M = Ny, Oy) Conz: O1D 1000 cm-3

i

.‘ - ~ 0.2 OH per O; photolyzed
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Reactions of OH

CO —|——> C02 + H

H+OQ+M—3’HOQ+M

NO + HO» —" NO» —|— With NO > 0.1ppb

NO, + hu — NO + O(°P)

CO + OH +
OCP)+0; +M—035 +M HO, +

2

9

CO + 202+ hv = CO2 + O3 \at Reaction
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Reactions of OH

I

CO + 20,7 + hu — CO; + O3

€O+ OH— HO

B T NO

Net Reaction .
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Reactions of OH in Remote regions

" NO>0.1ppb NO < 0.1ppb
CO + OH — CO, + H CO + OH — CO, + H
H+0;+M—=HO+M 4 0,+M—> HO, + M
NO + HO, —|NO, + OH
NO, + hu — NO + O(°P) HO,; + O3 — OH + 20,

O(°P)+ Oy + M— 03 + M

. O+2Oz+hu—>C02' CO'—> C02_|_

Trop{ Ozone Production | osiszos Ozone Loss (;"”)




Losses of OH

OH + HO, — H,O + O,

Clean Air

HOZ T H02 — HzOz + Oz

OH + NO, + M — HNO; +

k
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Other Sources of OH

—
OH: - photolysis of ozone: O5; + hv — O(1D) + O,
O(*D) + H,O —» 2 OH
- photolyis of HONO: HONO + hv - OH + NO
- photolyis of HCHO: HCHO + hv + NO,—»— OH

- alkene ozonolysis: R-C=C-R + O; »— OH
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Degradation of Methane

@ als — —CH; + H,0 (Alkyl)
’ T0; + f~_ —_~CH,0, + M (Alkylperoxy)
In the presepeeONVO,..
CH302 . NO = AR (AIkOXY)

CHO% T, S HEHOHHO:)  (Aldehyd)

HCHO F s rﬁ.‘

HCQ# T, HO>
COFL (€05

| ) e @)oo
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Degradation of organic trace gases

—

e Typical scenario:
e OH as oxidizing species
e NO/NO, conversion by HO,

e Oxidation chains driven by sunlight =
"Photooxidation” cycles

- » The "fuel" concentration in a slow cycle controls
O,

Jss
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Degradation of organic trace gases

TABLE 6.8 Estimated Tropospheric Lifetimes of Organic Comj

Lifetime and reaction
rates vary!

Lifetime against reaction with
OH" 0" NO,° hv
n-Butane 5.7 days — 1.7 months
Propene 6.6h 1.6 days 59h
Benzene 12 days — —
Toluene 2.4 days — 1.1 month
m-Xylene 7.4h — 10 days
Formaldehyde 1.5 days —_ 4 days 4h
Acetaldeyde 11h — 20h 5 days
Acetone 66 days —_ —_ 38 days
Isoprene 1.7h 1.3 days 0.8h
a-Pinene 34h 46h 6 min
p-Pinene 23h 1.1 days 15 min
Camphene 3.5h 18 days 1.8h
2-Carene 2.3h 1.7h 1.8 min
3-Carene 2.1h 10h 3.3min
d-Limonene 1.1h 19h 2.7 min
Terpinolene 49 min 17 min 0.4min
if Mﬁﬁﬁules em™ (0.06 PPL).
24-h average O; concentration of 7 x 10! molecules cm ™ (30 ppb).
12-h average NOj; concentration of 4.8 X 10® moleculescm™ (20 PPY).
—
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NO,, O; and NO,

O + O(3P)
+ M

_— NO; +h
O(3P) + O,

O; + NO

hv
NO, <> NO + O;

js, -[NO, ]
[O3]pss = 2
k5.3 '[NO]

I Photo stationary state relation
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NO,, O; and NO,

Impact of NO, on the formation of ozone
Q Without VOCs: Leighthon equillibrium

/ﬂighN

NO, + O, O; + NO

= Establishment of a photostationary state
= No net formation of Ozone
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NO,, O; and NO,

Impact of NO, on the formation of ozone
Q Without VOCs: Leighthon equillibrium

/ﬂighN

NO, + O, O; + NO

= Establishment of a photostationary state
= No net formation of Ozone
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NO,, O; and NO,

Impact of NO, on the formation of ozone
Q Adding hydrocarbons (VOCS)

NO, + O, 03 + NO

+HO,/RO,

= Net production of Ozone

. = ,summer smog"
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Formation of other products

[—

VOC

Tropospheric Chemistry

RO,NO,
Peroxynitrates
\ R'O,*
NO,
Ol . R 92 r/RJO .
0;,NO; | OH-, hv
Dissociation /7
Isomerization \ROD
0,
HO, + RCHO, RC(O)R'
OH* |hv

A

ROH + RR'CO
Alcohols

Aldehydes
Ketones

ROOH
Hydroperoxides

(0]
> RONO,

Organic nitrates

Aldehydes
Ketones

—

more functional group

—

Arerosol formation

R + CO,< %(RC(0)00» 222> RC(0)OOH  Peroxyacids

Peroxyacyl

[ \Noz

RC(O)OONO,

Peroxyacyl nitrates

09/09/2019

RC(O)OH
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NO,, O; and NO,
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Photochemistry also leads to aerosol production

p—
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NO,, O; and NO,

medijum NO, - _ % ' '
{ = .
£
s
=
c
o, 520
K -
o
Wet / CH,O00H hy > g
Dry deposition =
\ J = 101 radical
OH - 2 L termination
HCHO Z - >
OH -. hv N reactions with O3 reactions with NO»
F ’ O and among themselves
: : o 1 |
high NO,: » ° 0.1 1.0
NO,+OH+M—HNO;+M l NO + NOz MIXING RATIO / nmol mol’
CO;
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Ozone Production and NOX

2.0

1.5F

A

05F

halpF———r—

0.0C L | .!-I_I.. | | .

1990 1995 2000 2005 2010

year

Fig. 1 Average number of hours/year for all survey stations in

B Germany ' exceeding the European ozone alarm value of 240ug/m?

-
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Numbers of ozone
alarms decrease

(except from 2003)
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Ozone Production and NOx

local ozone production rate [ppb/h]

' 100

1 10 100

Further details see: Ehlers et al., Twenty years of ambient observations of nitrogen oxides and specified hydrocarbons in air masses dominated by i '
traffic emissions in Germany , Faraday Discuss., 2016, 189, 407-437 = i B
. . 5"""25 )
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Ozone Production and NOx

local ozone production rate [ppb/h]

P s

Production

(due to Diesel
engines)

tion
- 10 .
w
—_—
o
o .
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I L] L] L] L] L] L] L] L] -.I L] L] L] L] L] L] L] L] I
1 10 100
R /s
VOC
Further details see: Ehlers et al., Twenty years of ambient observations of nitrogen oxides and specified hydrocarbons in air masses dominated by i '
traffic emissions in Germany , Faraday Discuss., 2016, 189, 407-437 = -
. . Siﬁ‘-':"’g
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Reaction with ozone

—
A\
Ry Rs o
— +03 —>» Rl: iRS
Re R4 R> R4
r o 1% a) R, .
- - - RRuloop => Formation of
R}_km 9 o Criegee-biradical Oxyg en at e d
' | A species
[CH 004 M CH,00.  (stabilisation) =» Formation
- OH-radicals
S0 -0
)

——=>» CO,+2HO,

E ——>  HCO+OH
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Reaction with NO,

END of part III

YT W

Tropospheric Chemistry 09/09/2019 Page 30




OH Balance Equation

d [OH]
dt

contributions
from transport, i.e

Don = [OH
—|_k17
= [OH

- ontributions
om transport, i.e.,

— Poy — Don=0

., the flux divergence, are small

: (k7 [CO] + k14[03] + -

NO3| + k15[HOz| + -++)
1

"TOH

the flux divergence, are small
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Reactions of OH in Remote regions

" NO>0.1ppb NO < 0.1ppb
CO + OH — CO, + H CO 4+ OH — CO, + H

Ozone Production PH

Ozone Loss
NO, F v — NO F O P) e

OCP)+ 0y +M—03 +M

h’ CO + 20, +hv = CO, + 03 CO 4+ O; — CO, + O,
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Reactions of OH in Remote regions

NO > 0.1ppb NO < 0.1ppb
CO + OH = CO; + H CO + OH — CO, + I

NO + HO, —|NO, + OH

NO, + hu — NO + O(°P) HO,; + O3 — OH + 20,

OCP)+0; +M—035 +M
b

'CO—|—202+hU—>COQ—|—03 C()_|_()3—)»(:()2_|_()2
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Reactions of OH in Remote regions

NO > 0.1ppb NO < 0.1ppb
CO + OH = CO; + H CO + OH — CO, + I

NO + HO, —|NO, + OH

NO, + hu — NO + O(°P) HO,; + O3 — OH + 20,

OCP)+0; +M—035 +M
b

'CO—|—202+hU—>COQ—|—03 C()_|_()3—)»(:()2_|_()2
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