Atmospheric chemistry - Concept

The air / environment (geosphere): Is it a reactorg
It's a matter of reactions anchnsports and mixing ! ‘
mixing times:

* vertically lower few kilometers (boundary layer) 1h-hdixing with free
troposphere 2-10 days

« around the globe on the same latitude (zonal transpatt)ni -4 weeks

 from mid latitudes to the pole (meridional transpoft) Idealized situations cdtmospheri
within days to weeks, hemispheric mixing 2-6 months e s
» Between hemispheres about 1 year
* troposphere-stratosphere 1-3 years, mesospherg

Conceptually / knowledge to understand:
 (chemical) reactions
 (meteorological) transports and mixing

Tools to understand:

« 3D transport models
* model parameters isolated in laboratory experime
* significant ,ingredients’ identified in the ,field




Atmospheric pressure and composition
Pressure and temperature profiles in the atmosphere
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Pressure decline with altitude

p=1.225 mg/cm, g =981 cm/s?, R = 8.206 Pa cm3knol/
- Az/Ap = 8 m/hPa at ground

16 m/hPa in 6km altitude

.barometric step*

p(Z) = B ez9/RT (AT/ Az =0) — p(Z,T) = Po ez9/RT

,Standard’ atmosphere(US Std 1962)
km T[ °C]p[hPa] M 4lg/mol] N /V[molec/cm 3|

0 0 1013 28.964 2.69x10 19
0 15 1013 28.964 2.55x10 19
0 25 1013 28.964 2.46x10 19
3 -4.4700 28.964 1.76x10 19
10 -49.9 265 28.964 6.67/x10 18
20 -56.5 55 28.964 1.38x10 18
30 -46.6 12 28.964 0.30x10 18

100 -63 0.00021 28.5 5.29x10 12



Units for quantification of atmospheric trace substances

Ideal gas law: pV = nRT = mRT/M

Universal gas constant R = 0.082 at L/(mol K) = 8.31#hdlK) = N kg

Avogadro‘s number = 6.02310?°*molec/mol

Boltzmann constanty= 1.38<1023 J/K 1at=1013 hPa, 1 Pa=1 N/m2=1 J/m3
,Molar‘ volume at T,=273 K and g=101325 Pa: V = 22.414 L/mol

- ,Molar mass M, ,, = 28.9 g/mol
Concentration .= m/V [ug/m3] (for gases: = density)

Mass mixing ratio |},;= c/c [ , %, ppmm, ppbm]
Partial pressure,  nRT/V, [Pa]
Volume mixing ratio |, = p/p = V./V [ , %, ppmV, ppbV]
billion = 10° (Am., not Brit.)
Concentration iV = p/RT [mol/m3]
Number density MV = nN,/V = pN,/RT [molec/cm?3]

More details: Schwartz & Warneck (1995): Units for use |
atmospheric chemistry, Pure Appl. Chem. 67, 13776140
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Chemical Composition of the Atmosphere

Volume
Chemical Mizing Ratio Major Sources
Constituent Eormula  in Dry Air  and Remarks
(sum 161 _T!
Nitrogen No 78.084% Biological
Oxygen 02 20.948% Biological
Argon Ar 0.934% Inert
Carbon dioxide CO- 360 ppmv Combustion, ocean, biosphere
Neon Ne 18.18 ppmv Inert
Helium He 5.24 ppmv Inert
Methane CH4 1.7 ppmv Biogenic and anthropogenic
Hydrogen Hy 0.55 ppmv Biogenic, anthropogenic,
and photochemical
Nitrous oxide NoO 0.31 ppmv Biogenic and anthropogenic
Carbon monoxide CO 50-200 ppbv  Photochemical and anthropogenic
Ozone (troposphere) O3 10-500 ppbv  Photochemical
Ozone (stratosphere) O3 0.5-10 ppm Photochemical
Nonmethane hydrocarbons 5-20 ppbv Biogenic and anthropogenic
Halocarbons (as chlorine) 3.8 ppbv 85% anthropogenic
Nitrogen species NOy 10 ppt-1 ppm  Soils, lightning, anthropogenic
Ammonia NHj; 10 ppt-1 ppb  Biogenic
Particulate nitrate NO; 1 ppt-10 ppb  Photochemical, anthropogenic
Particulate ammonium NHI 10 ppt-10 ppb  Photochemical, anthropogenic
Hydroxyl OH 0.1 ppt-10 ppt Photochemical
Peroxyl HO-2 0.1 ppt-10 ppt Photochemical
Hydrogen peroxide Hs05 0.1 ppb-10ppb Photochemical
Formaldehyde CH,0O 0.1-1 ppb Photochemical

Sulfur dioxide SOs 10 ppt-1 ppb  Photochemical. volcanic.

-



Chemistry
Law of mass action

Reaction (1) aA + bB- cC+dD
Reactants Products

Back reaction  (-1) cC + db aA + bB
Equilibrium (1) aA + bB— cC+dD

Law of mass action:

The ratio of the product of the concentrations of the potsland the product of the
concentrations of the reactants (or: educts) is congiaatgiven temperature and
pressure in a homogeneous (i.e. single-phase) redGidiberg & Waage, 1897

K, = ccp?/ (cacsP) K, = equilibrium constant

implications:

A reaction, A+B- , will cease, when Kis achieved

The rates of formation and decay of the products are eguah equilibrium is
established, i.e. lc:.cc9= k ; c, 3czP and K, = k /k ,



Reaction types, kinetics
Reaction rate coefficientk

Temperature dependence:

-dg/dt = k- ¢,

kT = A(T) alaE/(RT)]

Universal gas constant R 5 K ,= 1.38x1023 J/K x 6.02310%*¥/mol

Providing the energy is sufficiently large, the tempemtlependence
of A is negligible, and kfollows the Arrhenius expression:

Ky = A &E{RT)

with activation energy E
Frequently used, too: van t'‘Hoff expression:

Ky = B & EJRWT - 1Tl

The two expressions are equal via: A =[B/&Tref!



Homogeneous gas-phase reactions

Reactions can be unimolecular, bi- or termolecular.

The rate law of a reaction of the general form
aA+bB- cC+dD
Is defined as

Rate(dt.: rate)= -dc,/dt/a = -dg/dt/b = d¢/dt/c = dg,/dt/d
example:

2NO + 0O, - 2NG,
Rate = -dg/dt/2 = -dg,,/dt = dg,o,/dt/2




Second order
Usually: bimolecular

A+B - C+D

A+B - C ;A B, C, D molecules or radicals
example:

O+0, - O

NO + O, - NO,+ O,
Reaction rate: ? order (1+1=2) d¢g/dt = -dc,/dt = -dg,/dt = k ¢, ¢3!
Reaction rate coefficient{&
k= Aexp [-(E/R)T]
Arrhenius expressiomyeexponential factor A, activation energy E
k(TY) - slope —E/R, intercept In A, ER > 0« faster at higher T

The reaction order is given by the sum of the exponentials,
n+m+..., of the concentration terms in the rate lanhefform
-dc,/dt = k ¢," cg™(n = zero or integer or fraction*)
It Is determined empirically.

* ,overall’ reactions only




CH;Cl 4+ OH — CH,Cl+ H,0
CH3CCI3 + OH — CH2CCI3 + Hzo
CF>ClL, + O('D) — CF,Cl + ClO
CFCl; + O('D) — CFCL, + ClO
CCly +0O('D) — CCl; + ClO

ClO + €10 = CLO,

ClL,0, — CIO + ClO

Odd nitrogen

N +0; — NO+ O(’P)

N 4+ NO — N + O(’P)
N+OH—-NO+H

N+ HO; % NO+0OH
HO,NO,; — NO; + HO»
HO:N Q2 4 QL i)

Reta = 2.1 x 10 exp(—1150/T)
Reis = 1.8 x 1072 exp(—1550/T)
Rcm =14x 10710
Rci7 =23 x 10710
RCIS =33x 10710

Rero = f (Ko, Koo), Ko = 1.9 x 10732[M](300/T)*°, Koo = 7.0 x 10°
Reog = RClg/(3.0 X 10727 exp(8450/T))

Rni = 1.5 x 107 exp(—3600/T)

RNy =34 x 10711

Rn3 =53 x 10711

Rng =2.0x% 10710

Rns = RNlG/(Z.l x 10777 exp(lO900/T))

205 — NOz + NO3
NO + 03 — NO, + 0O,

Q 4 ClIO — NO, +Cl
N vy LGy |ﬂl|

gl 2 3D (380 / T)
RNy :Rng/(4.0 x 107“"ex
Rng = 2.0 x 1072 exp(—1400/T)
Rny = 6.4 x 1072 exp(290/T
5 _

NO + CH30; — NO; + CH;30

Ryi1 = 4.2 x 1072 exp(180/7)

Kr
Example

k =A &EJRIT

Arrhenius expressiomyeexponential factor A, activation energy E
k(Tt) - slope m = -HER, intercept In A, ER > 0« faster at higher T

A = 2x1012 cm3/molec/s
E/R =-1400 K

—

Koog k = 1.8x1014 cm3/molec/s
Kyzo k = 0.451014 cm3/molec/s




Cl 4 CHs(—I—O?) — HCI+ CH: 0, Ree = 1.1 x 10—

First order(but not uni-

Quasi steady state approximation

Lindemann-Hinshelwood mechanism:

(1+2) A+M - B+M molecular)
Here, M stands for any molecule or atom (i.g, 8,,...), |IfCg>>Cy
not transformed but required to absorb excess enelgy, A+B - C+LC
e.g. of an activated intermediate state: -dCA/dt ~0
(1) A + M — A* + M 'dC /dt — k (2)C C N +NO — N, + O(P) Rz = 3.4 % 107
* A 1 2 A™M N+ OH — NO+H Ry; = 5.3 x 107
CFDA*+M - A+M  -dg./dt=Kk,PcuCy ST T~ ]
* —_— (1) E:,C;;% NO; + NO‘3rhé e RNy = R‘le/ (14U0
(2) A - B dq_a)/dt - k2 CA* NO 4+ 03 — NO, + O, Rng =2.0 % 10:
A* in steady state: NG | D WO 1B ﬁi?;?fxl?q
— I (2 k. k(1) -0 NOLNO, B aNoy T — 15 10
dCa./dt = Ky'HICACy - K 1¥ICax Cy - Ko'HCx = Nt ORI MO ek
— 0,4+ 03 = NO; +0, Nis = 1.2 x 10
CA* - kl(Z)CACM/(k_l(Z)CM + k2(1)) EgzgggngHl\?gNoz %\na ;E?’é
— LDk Qe+ k() NO, + NO; » N:O; Ry = (K K.
dq_:)/dt k2 kl CACM/(k-l CM k2 ) HNO; +OH(3 \H20+N03 RN19:§131]§.21

If (-1) much faster than (2):
k 1@)ca«Cy >> Ky2)C,y., then
k 9, + k,V=k ), and
dcy/dt = k(W k,P)c,/k @)
the overall process (1+2) is first order iQ.c R~ .
Shifts to second order fof,c— O (i.e., low pressure): HO, 4 AL owr e s %10

HO: + mechanism: Steil et al., 1998 10
dcy/dt = kW k,@c,c, /KD e -

Example thermic dissociation
HOONGO, - HO,+ NO,

Reaction rate

dc/dt = -dg/dt = Kl)c,



Exampl
(1,-1) 0+G - G4
(2) O*+M - O

Cos+ = Ky Co Cop/(Ky + Ky Cy)

dCog/dt = k; Co3+ Cy
dcod/dt =k K, Co ConCy /(K g + Ky Gy) = (K Ky €y /(K g + Ky Gyl Co Co

k(2

High pressure limit, K2): k,=0 = k.=k

Low pressure limit, K2 cy — O = Kog= K Ky /K4

Koss k1000 e 1-9% 1012 cmé/molec/s
Koss kis00 e 1.5% 1012 cm3/molec/s

Ky30 /500 e 2-3% 1012 cm3/molec/s
Ko30 k1000 e 3-0% 1012 cmé/molec/s




A+B-C+D
is 2"d order or —in case @édt= 0 - pseudo-% order

A+B+M-C+D+M
is 24 order or —in case @it = 0 - pseudo-%order or
— if p << 1000 hPa - betweert®and 3 order

The unit of a homogeneous gas-phase rate is [moléSEm

A 1stor pseudo-% order rate law reads:

-dc,/dt = dg/dt = Kb ¢, with k&) [1/s].
A 2"dorder rate law reads:

-dc,/dt = d¢/dt = K2 ¢ ¢y, with ki2 [cm3/molec/s].
A 39 order rate law reads e.g.:

-dc,/dt = K3) ¢ 2 ¢, with k& [cmb/molec/s].



Photochemical reactions

Absorption of radiation by molecules in the atmosphere

Gaseous molecules abs
ultraviolet, visible and
Infrared light: Q

10" & (cm” molecule™, base &)

Consequences:
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 photophysical and photochemical molecular processes
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Energy ranges, correspondence between energy and evaybl

A=CN with frequencyw
AE = hcA = haw Planck relationship (wavelengy wavenumbew,
Planck's constant h = 6.626 x-110Js)

Commonly used energy units:
(kI mol 1)
% 0.2390 = kcal mol !
x0.0104 = eV
x83.59 = cm !

(kcal mol™1)
%X 4.184 = kJ mol !
X 0.04336 = eV
% 349.8 = ¢cm !

(em™1)
X 1.196 X 1072 = kJ mol !
% 2.859 X 10 3 = kcal mol !
X 1.240 X 10 * = eV

(eV)
%X 96.49 = kI mol 1
% 23.06 = kcal mol !
X 8.064 X 10° = cm~!



Energy ranges, correspondence between energy and evayb|

A=ch
AE = hch = haw Planck relationship
(wavelength\, wavenumbeuw, Planck’s constant h = 6.626 x-30J:
Typical wavelength Typical range of Typical range of
or range of Typical range of wavenumbers » energies
Name wavelengths (nm) frequencies v (s 1) (em™1) (kJ einstein ~1)“
Radiowave ~ 1081013 ~ 3 x 10*-3 x 10° 1075-0.1 ~1073-10"8
Microwave ~ 107108 ~ 3 % 10°-3 x 10'° 0.1-1 ~1072-107?
Far-infrared ~ 10°-107 ~ 3 x 101°-3 x 10%2 1-100 ~1072%-1
Near-infrared ~ 10%-10° ~ 3 x 10%-3 x 10 10%2-10* ~1-102
Visible
Red 700 43 x 101 1.4 x 10* 1.7 X 107?
Orange 620 4.8 x 10t 1.6 x 10* 1.9 x 10?
Yellow 580 593 % 1o 1.7 x 10* 2.1 x 10?
Green 530 5.7 x 10t 1.9 x 10* 2.3 x 102
Blue 470 6.4 x 101 2.1 x 104 2.5 X 102
Violet 420 7.1 x 101 2.4 x 10* 2.8 X 10?
Near-ultraviolet 400-200 (7.5-15.0) x 10'* (2.5-5) x 104 (3.0-6.0) x 102
Vacuum ultraviolet ~ 200-50 (1.5-6.0) x 10¥ (5-20) x 10* ~ (6.0-24) x 102
X-Ray ~ 50-0.1 ~ (0.6-300) x 101° (0.2-100) x 10° ~ 10°-10¢
v-Ray < 0.1 ~ 3 x 101 > 108 > 10°

“ For kcal einstein ~ !, divide by 4.184 (1 cal = 4.184 I).



The rate of photochemical reactions
Absorption

In(1,/1) = oNd Beer-Lambert law
/1, = e-oNd)

absorption cross sectian(cm?, default: base)e
molecule concentration N (cf), depth of absorptive layer d (cm)
optical depth OD wNd

Caution: Most measurements are made to the
base 10 (log(ll) = g,Nd) = x 2.303 to reach base e



Photolysis

Most important class of photochemical reactions:
Photodissociations

Unimolecular

A+hv - B+C Ground state, A

. XcCitation state, A*:
A, B, C, D molecules or radicals e

example:

+hy — A*
O;+hv - O,+ O CP) Ariv - A

Example:
O+ hv - OF

Reaction rate coefficient | (photolysis ratg .e. OBP) + hv — O(D)

dc/dt = -dg/dt =] c,




The photolysis rate

The photolysis rate, j (9, in dc,/dt =] ¢, is given by:
i =1\ @) o) LA A

 quantum yieldp(A) ( ),
e absorption cross sectian(cms?),
e actinic flux L(A) (cn1? s?)
L is the total intensity of effective light (direct +atered +
reflected, spherically integrated).  <i508
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(adopted from: Jacobson, 2005)



The actinic flux LQ) is a function of the solar zenith angle, clou-

diness, aerosol concentration, and surface albedo.

d;; =5, £¢(/1)a(z) ( [" [ L(2.0.9)sin0 do dgoj v

Y
A

Typical j-values for midlatitude noontime equinox conditions range
from ~1 - 10 s-1 for jo,p, to ~0.2 s for jyos. The actinic flux under
these conditions is about 2-10"4 photons cm2 s-1 at 315-320 nm, and
7-10'* photons cm? s*' at 360-365 nm.
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L is measured using a2 radiometer or by measuring the
photolytic decay (so-called chemical actinometry).

Its value can be estimated via tabulated valuegpahdao for
Intervals ofA and estimates of () for given conditions.
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Fig. 3 Theoretical diurnal variation of the J[NO,] and J[O,]
values for midsummer and midwinter at 40° N latitude near sea

level. (Calvert, 1985)



Example 5 (1) Quantum yieldp(A) for
=03+~ O (D) + 0, (%)

TABLE 4.6 Parameterization of Quantum Yields for
O('D) Production from O, Photolysis in the 306- to

329.nm Region at Various Temperatures®

Wavelength 49
(nm) A B
306 0.80 9.84 5
307 0.78 1.44 5 10 % %
308 0.87 53.1 9 % % ﬁ
309 0.76 73.9 S %
310 1.31 305.5 2 -
311 2.37 600 > %
312 58 925.9 EYe
313 11.4 1191 3
314 20.1 1423 & %B@E
315 26.4 1514 -
316 2.8 1512 w
317 26.8 1542 polb—1 1 ¢ 10111
318 28.33 1604 270 280 290 300 310 320 330
319 30.6 1604
320 44.4 1866 O, Photolysis wavelength (nm)
321 50.2 1931
322 27.8 1882
323 74.1 2329
324 868 3085 (p03—>0(1D)(31O-320 nm): 02
325 0.37 689
326 0.24 619
327 0.068 258
328 26.16 2131
329 0.15 470

¢ Using the quantum yield expression recommended by
Talukdar et al., 1998: ¢ = 0.06 + Ae £/7T,

Data src.: Finlayson-Pitts & Pitts, 1998



Example 5 (2) Absorption cross sectiam(A, T) of O,

TABLE 4.3 Ozone Absorption Cross Sections (Base e)?

10®¢ (em? molecule ~1) 1
Wavelength (om) T—226K T 298K Wavelength () | TABLE 4.4 O:zone Absorption Cross Sections®® as a Function of Temperature Averaged

over the Spectral Intervals Shown

188.0 56.55 36:59 2650 Wavelength Parameters

189.0 54.63 54.24 266.0

190.0 51.63 5114 267.0 range (nm) a b c

1970 1308 4600 2650

%g‘g gg%% §§§§ g?g 277.778-281.690 4.0293 % 102 +43819 x 10-2 0

196.0 36.42 36.73 g7§ﬁo 281.690-285.714 2.7776 % 102 +6.3125 x 10~2 0

1980 5% B 790 285.714-289.855 1.8417 x 102 —9.6665 % 1072 2.1026 x 10~
2000 R T 790 289.855-294.118 1.1300 x 10° ~1.0700 x 10~ 3.2697 x 104
A % X e 294.118-298.507 6.5087 x 10 —8.0018 x 102 2.2679 x 10*
i S o N 298.507-303.030 3.6161 x 10 —6.7156 x 1072 3.3314 x 104
2050 3623 3585 282.0 303.030-307.692 1.9615 % 10 —4.4193 x 1072 2.0338 x 10~ 4
§§§§ jggz gﬁé gggg 307.692-312.5 1.0459 x 10 —2.8831 % 10:2 1.3909 % 10::
i 3;%23 e n 312.5-317.5 5.4715 —2.0092 X 1072 9.8870 X 1075
2110 03.28 04,02 280 317.5-322.5 2.7569 —1.0067 % 10 2.9515 x 10
2130 82.58 8104 290.0 322.5-327.5 1.3527 —5.7513 x 103 1.1088 x 103
214.0 92.55 90.96 291.0

2150 1041 1023 2920 327.5-332.5 6.9373 x 101 —2.9792 x 1073 3.1038 X 10~°
2170 1514 1287 2040 332,5-3375 32001 x 101 —1.9502 x 103 5.6456 % 106
5180 1364 1439 2030 : . : B : B ' B
2190 1553 11 260 337.5-342.5 1.4484 % 101 —1.1025 x 1073 2.8818 x 10~ °
%%110 %éoﬁo %gsﬁz %98:0 342.5-347.5 7.5780 x 102 —5.7359 x 10~ * 1.6055 x 10~¢
5550 5943 599 5000

224.0 268.8 268.4 301.0

250 250 2043 302 Co(05,T) =a + b(T — 230) + C(T — 230)%; T is in K; o(O;) is in units of 1072° cm?® mole-
227.0 3542 3513 304.0 cule ! (base e).

%%3’8 A A 4 ® From Molina and Molina (1986).

230.0 450.6 447.6 307.0

231.0 485.9 481.4 308.0

232.0 523 0N S1R 1 309 N TR s a

5340

i Example:

2380

239.0 20 2 —

2 0p3(310-320 nmy 60 x 104° cm?/molec for T = 298 K

%2%8 939.6 933.3 320.0 2.859 3.243

244.0 975.2 971.7 321.0 1.368 2.041

245.0 1007 993.2 322.0 2.117 2.435

246.0 1042 1033 323.0 1.529 1.983

247.0 1058 1047 324.0 0.7832 1.250

248.0 1079 1071 325.0 1.486 1.727

249.0 1124 1112 326.0 0.7276 1.105

250.0 1134 1124 328.0 1.158 1.300

2 wmo s 08 ooz Data src.: Finlayson-Pitts & Pitts, 1998

253.0 1149 1140 334.0 0.3788 0.5343



(3) Actinic flux —
determined by radiation absorption in the atmosphere

10% grrrrrrs g Actinic flux L(A) - Example:
- i For z =15 km and solar zenith angle
- F 1 of 40°:
] 1 Lsioszonm™ (1.69+2.08+
42: 107 4 +2.35+2.88+2.95)10%cnr? st
s o f 1 =12 x104s?
2 2 Order of magnitude estimate of
g e 1 jos. o for a selected wavelength
10 L 4 Interval:
7 (1-3)]os.. 0+(310-320 nm)

100 200 300 U 202x60x1020x 12x 104 sl=

WAVELENGTH (nm) T N
~104slt



Tropospheric chemistry

Tropospheric ozone and hydrocarbon chemistry
Ozone in the Atmosphere

Altitude (kilometers)

| | | |
35 | A
30
| Stratospheric
25  Ozone Layer Ozone |
20 |-
15 |- 2 o
L Ozone .
10 Increases — >'I(;ropospher|c_
from pollution zone
51 / 4__{{‘”"»:
. N J &LT —Mﬁ_

Ozone Concentration —

Src: WMO: Scientific Assessment of Ozone DepletioB, 20@neva 2007
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Trends of ozone - stratospheric and tropospheric

36-59°N, 1996 vs. 1970
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(WMO, 1998, after Logan & Megretskaia) http://ozomep.org/



Tropospheric ozone temporal trends
Ground stations
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(courtesy of Barnes et al., 2011)



0, (ppbv)

0, (ppbv)

Tropospheric ozone temporal trends

Background stations
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Toxicology:

e concentrations > 120-150 pg/m? are relevant, at feasensitive persons.
No epidemiological evidences.

« Significant loss of physical performance at higher comi@ions, i.e=

400 pg/m3 (EU, 1992: 180 pg/ms3 warning, 360 g/m?3 dangs)

Climate:
 absorption in the atmospheric ,window’ region naar 9.6 um-
radiative forcing +0.35+0.15 W #since 1850

Ecotoxicology:

* toxic to plants (uptake through stomatae prevails,cadormation);
sensitive crops (potato, wheat, rye, barley) and (laesh, pine)

» for same dosis damage is highest under peak concentragyorexgistic
effects with NQ and SQ



SOMO35 meanmodel Simulation S1 bB.days

o I 10000
i _ 7500
- 30N — ' , O
Losses of harvested wheat > 5%, if § = *#000
accumulated dose exceeding 40 pf == =000
2000
> 3000 ppbv h; oo
similar: SOMO35 [ppbv d] — in 200t
- 180W 150W 120W DOW B0OW S?xgitu?l:: (de;’}oE B0OE 90E 120E 150E 180E (a)
WHO air qual. Index SOMO35:= T B e e e e ] _
daily max of (8-h running average - ..=2. 1. — %25 S 10000
35ppbv ,bckgrd’) added over 365d _ b 7200
= 5000
E EQ 4000
. 3
In 2030 under CLE ... 3000
(= current legislation) 2000
1000
180W 150w SOW 3(:!:"9”:“0"5 (deg)OE S0E S0E (b)
. SOMO35 meanmadel Simulalion S3 bB.days
in 2030 under MFF
. . . Q000
(= maximum feasible reductic =" 4 o
(Dentener et al., 2006) oo
¥ e B » o vl = | 4000
TABLE 1. Overview of Simulations, Prescrihed Methane Volume Mixing Ratios, and Global Anthropogenic Emissi
NO,. S0;. and NH;? 3000
CH,4 NO, 2000
simulation meteorology tdescription [pph] CO NMVOC (NO)) SO, NH;
S$1-B2000 CTM 2000 GCM SSTs 1990s baseline 1760 977.0 1471 1248 1111 648 ! 1000
S2-CLE/CLEc CTM 2000 GCM SSTs 1990s |IASA CLE 2030, current legislation scenario 2088 904.1 1455 1411 117.6 8438 T
S3-MFR CTM 2000 GCM SSTs 1990s  |IASA MF_R 2030, mgximum feasible 1760 728.7 104.4 76.0 358 848 (C)
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Ozone formation in CO oxidation

CO volume mixing ratio in the lower troposphere: 100-D0 ppbv

(1) CO + OH - CO, + H
Chemical fate of OH globally:= 2/3 reacts with CO

(2)H+ O, - HO,
Sum (1-2):.CO + O, + OH - HO, + CO,

(3) HO,+ NO - OH + NO, k = 220x1012 cm3/molec/s
(4) NO, + hv (<420 nm)- NO + O j =5x103s
5)0+0,+M- O;+ M k@ = 105/s

(6) O;+ NO - O, + NO, k® = 10?/s
Sum (1-6):CO + O,+ NO - CO, + NO,



Ozone formation in the troposphere
Leighton relationship

4)NO, + hv (<420 nm) - NO + O j,=5+109s

5 O+0,+M - O;+ M ks® = 10F/s

6) O3+ NO - O, + NO, k@ = 1x104 cm3/molec/s
ozone Ltitration* by NOx

dco/dt = 0 = kK C5 Co,Cy — Ks Chno Cos equilibrium within 2 min

hence: g;= ks C5 Co,Cy / (Ks Cno) quasi-constant ozone level (f(jy,),

Co available from:
dco/dt = 0 = |, Cyop — K5 Co Cop Cy (hence: g = j, Cyoa /(Ks ConCy))

combined: g;= J,Cnof (KsCrno) OF: (Go3Cno)/Choo= CONStant
holds as long as there are no other QJoss reactions than(6)



Ozone formation in the troposphere

Ozone depends on the background level, on &l on the
ratio NO,/NO upon emission:

(4)NO,+hv - NO +O

5)0+0,+M - O;+ M

NO,+ 0, =, O, *

/

/ Slope = % primary emitted NO
Ozone background cone:

(Clapp & Jenkin, 2001) NO + NG, = ,NO,”
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NO, + HC, + Light - partly oxygenated HC, + O,



(1la)RCH; + OH - RCH," + H,0O
(1b)RCH, + O,+ M - RCH,OO0 + M
(2) RCH,00 + NO - RCH,O + NO,
(3) RCH,O + O, - RCHO + HQ

(4)NO, + hv (<430 nm)- NO + O :
(510 + 0+ M- O+ M (sourceNQ,)
Sum
(1-5):RCH;+ OH+ 3 Q - RCHO+ HO + HQ, + O,
= catalyzed by NO and light
Sum

(4-5):NO, + O, + v - NO + G

(6) HO,+ NO — OH + NG, = OH recycled
Sum

(1-6): RCH, +NO + 3 Q -~ RCHO+ HO + NO, + O,
= catalyzed by OH and light



Tropospheric ozone:
Dependence on NQ

dO,/dt
OH High VOC
Low VOC
1. NO, (ppbv)

(FZJ-ICG3, 1998; Brune et al., 2000)



2 main pathways: CO or VOC oxidation

(courtesy: Moller, 2003)



HC,: alkanes, example methanc

* Although slow, CHis a major chemical sink for OH (globahy
1/3 of OH reacts with C}J.

* The so formed ozone Is the major contribution to the gemknd
ozone.

e It increases with increasing methane emissions.

(1) CH, + OH -~ CH; + H,O (slow:te,= 8 8)
(2)CHy; + O, + M - CH;,00 + M

(3)CH,O0O0+NO - CH;O+ NGO,

(4) CH;O + O, - HCHO + HG,

Sum:
CH,+OH+2Q - HCHO + HO + HG,
NO, + O, + hv - NO + G




(1a) CH,CH,CH,CH; + OH - CH,CHCH,CH; + H,O yd=85%
CH,CHCH,CH; + O,+ M - CH,CH(OO)CH,CH,+ M
(2a) CH,CH(OO)CH,CH;+ NO - CH,CH(O)CH,CH;+ NO,

(3aa)CH,CH(O)CH,CH, + O, . CH,C(O)CH,CH,+ HO,yd=60%

(3ab) deW . CH,C-O +-CH,CH, + HO,yd=40%
CH,CH, + O, - CH,CH,00

(4ab)CH,CH,00 + NO - CH,CH,O + NO,

(5ab)CH,CH,O + O, — CH,CHO + HO,

Sum:CH,CH,CH,CH,+ OH + 2.8 Q -
0.6 CH,C(O)CH,CH, + 0.8CH,CHO + H,O + HO,+ 1.4 NG




(1a)CH,CH,CH,CH; + OH - CH,CHCH,CH; + H,O yd=85%
CH,CHCH,CH; + O,+ M - CH,CH(OO)CH,CH,;+ M
(2a) CH,CH(OO)CH,CH;+ NO - CH,CH(O)CH,CH;+ NO,
(3aa)CH,CH(O)CH,CH; + O, - CH,C(O)CH,CH;+ HO,yd=60%
(3ab) decomposition : - CH;CO +-CH,CH; + HO,yd=40%
‘CH,CH; + O, -~ CH,CH,OO
{AaNCH.CH.OO+ NO . CHCH.O + NO.
(1b) CH,CH,CH,CH; + OH - CH,CH,CH,CH;+ H,O yd=15%
CH,CH,CH,CH, + O,+ M - CH;CH,CH,CH,O0O + M
(2b) Clgg@PPCH,CR + NO - CH,CH,CH,CH,0O" + NO,
| (3ba)CH,CH,CH,CH,O + O, — CH,CH,CH,CHO + HQ, yd="?
(3bb) isomerisati - ‘CH,CH,CH,CH,OH + HO yd="?
-CH,CH,CH,CH,OH + O, -~ -OOCH,CH,CH,CH,OH
(4bb)-OOCH,CH,CH,CH,OH + NO - ‘OCH,CH,CH,CH,OH + NG,

(5bb)-OCH,CH,CH,CH,OH + O, - CH(O)CH,CH,CH,OH 0
Sum:CH,CH,CH,CH,+ OH + 2.8 Q -
0.6 CH,CH,CH,CHO + 0.8 CH,(OH)CH,CH,CHO + H,O + HO,+ 1.4 N§




k) (10 s1)
RO decomposition H-abstraction iIsomerization
by O,

CH,CH,CH,CH,O 0.6 200 =0
CH,CH,CH,CHOCH, 17 40 200
CH,CH,CHO(CH,),CH, 34 40 200
CH,CHO(CH,),CH, 28 40 2000
CH,C(CH,),CH,O 0.8 24 =80

Nomenclature:

Saturated and unsaturated C chains: alkéite\lkane),
alkenes and alkynddt: Alkene, Alkine)

Partly oxygenated hydrocarbons: ROH alcol{dts
Alkohole) carbonyls: RCHO aldehydédt: Aldehydepnd
R,CO ketonegdt: Ketone) RCOOH and R(COOH)mono-
and dicarboxylic acid&dt: Mono- und Dicarbonsauren)
Multifunctional partly oxygenated hydrocarbons:
RCHOHCHOa-hydroxyaldehydes, RCHOHCOOd
hydroxyacids, ...



Alkenes are more reactive toward OH than alkanes1k1° cm?® molec! st
The higher substituted radical is more stable, hence, fpneferentially:

(1a) CH,CH=CH, + OH — CH,CHCH,OH addition,yd=66%
CH,CHCH,OH + O,+ M - CH,CH(OO)CH,OH + M

(2a) CH,CH(OO)CH,OH + NO - CH,CH(O)CH,OH + NG,

(3aa)CH,CH(O)CH,OH+ O, -~ CH,C(O)CH,OH + HO, yd=3%

(3ab) decomposition: - CH,C-O +-CH,OH yd=97%

(4ab) CH,OH + Q, -~ HCHO + HG,

(1b) CH,CH=CH, + OH — CH,;CH(OH)CH,  addition,yd=34%
CH,CH(OH)CH, + O,+ M - CH,CH(OH)CH,(OO) + M

(2b) CH,CH(OH)CH,(OO) + NO - CH,CH(OH)CH,O + NO,

(3ba)CH,CH(OH)CH,O + O, -~ CH,CH(OH)CHO + HQ yd=90%

(3bb) decomposition : - CH;CH(OH) + HCHO  yd=10%
(4bb) CH,CH(OH) + O, -~ CH,CHO + HG,
Sum

(1-4) CH,CH=CH, + OH + 2.8 Q - 0.02 CHC(O)CH,0OH + 0.65 HCHO + 0.3
CH;CH(OH)CHO + 0.03 CECHO + HO + HO,+ NG,




» Most alkenes react with OH additioo the double bond (positive p dependence of
Kon); only for the small alkenes the addition complex does nattréurther.
* H abstractions more likely for large and branched alkenes.
« After the O, addition step ¢ ROO), decomposition is the most probable path for
< C, while isomerisation dominates for >,C

(yields 0.04 for G but 0.6 for G; Kwok et al., 1996)

Example n-butene:

(1) CH,CH,CH=CH, + OH -~ CH,CH,CH(OH)CH, addition
CH,CH,CH(OH)CH, + O,+ M - CH,CH,CH(OH)CH,OO + M

(2) CH,CH,CH(OH)CH,O0 + NO — CH,CH,CH(OH)CH,O + NO,

(3) isomeris.CH,CH,CH(OH)CH,O - ‘CH,CH,CH(OH)CH,OH

(4) CH,CH,CH(OH)CH,OH + Q, - ‘OOCH,CH,CH(OH)CH,OH

(5) OOCH,CH,CH(OH)CH,OH + NO - ‘OCH,CH,CH(OH)CH,OH + NG,

(6) OCH,CH,CH(OH)CH,OH + G, - CH(O)CH,CH(OH)CH,OH + HG,

Sum:CH,CH,CH= +OH+2NO+30-
A CH(O)CH,CH(OH)CH,0OH + H,0 + HO,+ 2 NG,
or ) dihydroxycarbonyl

\ OH 7



HC,: alkene OH reactiorExample isoprene (= 2-methylbutadienc)

1 or 2 addition 66%
(1a) CH,=C(CH,;)CH=CH, + OH o HOCH,C(CH,)CH=CH,
5 ‘CH,C(OH)(CH,)C=CH,

+ 0, + NO
(4aa) decomposition: - HCHO + CHC(O)CH=CH, yd=30%
methyl vinyl ketone
(4ab) isomerisation: - HC(O)CH(CH,)CH=CHOH yd=5%

yhydroxy-(2-methyl)butenal

3 or 4 addition 34 %
(1b) CH,=C(CH,)CH=CH, + OH - CH,=C(CH,)CH-CH,OH
R CH,=C(CH,)CHOHCH,

+0, + NO

- S >

(4ba) decomposition: - HCHO + CH=C(CH;)CHOyd=

, methacrolein
(4bb) 5-ring closure: S °®/ yd < 5%
3-methylfuran




(1a)RCH; + OH - RCH,  + H,0O
(1b)RCH, + O,+ M -~ RCH,O0O0+ M
(2) RCH,00 + NO -~ RCH,O + NG,
(3) RCH,O + O, -~ RCHO + HQ

(4)NO, + hv (<430 nm)-» NO + O

5)0+0,+ M- O+ M

Sum (1-5):

RCH,+ OH +3Q -~ RCHO+ HO + HQ, + O,
= catalyzed by NO and light

Second option for NO:
NO + G, - NO, + O,

= catalyst reacts with product



HC, Kon oxygenated No. of NO converted
10%%cm? Iintermediates initial from  total
molecls? formed carbonyls
(298 K) (dep. neglected)

Alkanes:

CH, 0.006 HCHO 1 1 2

CH,CH, 0.25 CHCHO 2 4 6

CH,CH,CH, 1.1 HCHO, CHCHO, CHCOCH, 3 5 8

CH,CH,CH,CH, 24 2 CHCHO 3 8 11

CH,CH(CH;)CH; 2.2 HCHO, CHCOCH, 3 5 8

CHy(CH,),CH;, 4.0 HCHO, CHCHO, CHCH,CHO,

CH,(CH,) ,.CHO 3 11 14

Alkenes:

CH,=CH, 8.5 2 HCHO 2 2 4

CH,=CHCH, 26 HCHO, CHCHO 2 5 7

CH=CHCH,CH, 31 HCHO, CHCH,CHO 2 8 10

cisCH,CHCHCH, 56 2 CHCHO 2 8 10

transCH,CHCHCH, 64 2 CHCHO 2 8 10

CH~=C(CH,)CH; 51 HCHO, CHCOCH, 2 5 7



Characterisation of VOCs according to their
photochemical ozone creation potentiBOCP:

POCP : =Amg,/ AR o
under defined conditions (ozone formation during seveasbd
NO, poor) (Carter, 1994; EK, 1994)

POCP
C,H, 100
CH, 0.7
CeHe 18.9
CH,OH 12.3

HCHO 42.1



Tropospheric ozone: Dependence on HEVOC) and NO,,
emission reductions perspectives
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Chemical residence time of organic substances in thesaihere
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Sinks of tropospheric ozone
Hydrocarbon and CO chemistry in the absence of NQ

(1) RCH, + OH — RCH, + H,0

(2) RCH, + O,+ M -~ RCH,00+ M
(32)NO, + hv /. NO + O

(4a)0 + O, + I\/I,L O;+ M

(30) RCH,00 +N6 + O, RCH,0O + 2 O,
(4b)RCH,0O + O, -~ RCHO + HQ'

Sum (1-4) RCH, + OH + O, - RCHO + HO + HO,

— Ozone loss. The threshold NO level for formation vs 19%-
10 pptv near the ground anel20 pptv near the tropopause




- Degradation of methane in NO-poor areas

(1) CH, + OH - CH; + H,0

(2)CHy; + O, + M - CH;,00+ M

(3) CH,O00 + HO, - CH,O0H+ G,

(4a) CH;OO0H + hw (< 330nm) -~ CH;O + OH
(5) CH,O + O, - HCHO + HO;

Sum (1-5):CH, + O, - HCHO + HO

(4b) CH,OOH + OH - HCHO + H,0O + OH
Sum (1-4b)CH, + OH + HO, - HCHO + 2 HO
— heutral with regard to ozone

Much of the CHOOH is washed out (= week)
— no oxidation to HCHO and CO, radical sink:
Sum (1-3) CH, + OH- + HO, - CH;O0H + H,0




(1) CO + OH - CO,+H
(2)H + O,+ M - HO,+ M
(3a)HO, + O - OH+ 2 G,

Sum (1-3a)CO + O, - CO,+ O,

(3b)HO, + HO, - H,0,+ O,
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NO, distribution:
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JAN JUL

o Industrial Industrial oo
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o
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1990 (Tg N/a) Natural | Antl eos
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nghtnlng 30 (2_6) 180  120W BOW 0 80E 10E 180 180 0 80E 120E 180
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Soils and vegetation3.2 (1.9-4.5) 10" molec cm™ s

Agriculture (*) 2.3(1.4-3.2)

Biomass burning 0.3 3.3(2.1-5.5)

Fossil fuel burning 21 (20-23)

Sum 6.5 (4.2-11) 26.6 (23-32) (*) Animal and plant production, without biomass

burning



Radical sources
Radical source ozone

(1a) O;+ hv (320-800 nm)- O, + O
(-1la) O+ O, - O; net effect: none

(1b) O;+ hv (310-336 nm)- O, + O* L e

guantum yield
@(T,\) = 5-25%:

o('D) Quantum Yield

Wavelength (nm)

(2ba) +M->O0O+M k = 26<1012 cm3/molec/s (N)
k = 40<10*2 cm3/molec/s (O

net effect: none
(2bb) O* + H,O - 2 OH: k = 220<1012 cm3molec/s
net effect:radical formation
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Radical distributions - temporal, e

00:00 04:00 08:00 12:00 16:00 20:00  24:00
1 i [ i 1 | i 1 i I i [
107':4 _ 20.7.1998 L:‘"f
“_/( @ weéec . - : | ; [ .
Jilich, Germany, 14.7.1987"/'® === 16"y » s
19 = A Tk e C
A -6-1 : ‘
J(03)/10 S 105? ETOE
~-NO,/ppb - . :
o ] : —  XO'D)
y 0-/10p0b 7 10° —e—  JHONO) 10
10 ot N E " 3 ' —a—  VOCs+0, E
i N K 3 ’l —e— I(HCHO_) 1
! 3 10° S P e e s b e 10°
h ! : + % 00:00 ~ 04:00  0B:00 1200  16:00  20:00  24:00
Sk e O i 1 i 1 L A1 IS - L 1 i : 'l 1 [l L A L i 'l L
3 N + il k) 10’-4 é 217.1998 L-w’
[ ™ S 2 ; ; :
L Pl LT
T : i
l C 3 5 ! 3
0 ! 1 N | s 1 A ! P 2
B 10 12 T 14 IR |- - 10° o
local noon DAYTIME [hours] ? E-
(Dorn etal., 1988) o' e
10° SRR VNS S EEN— Y.
00:00 04:00 08:00 12:00 16:00 20:00 24:00
Zeit/GMT

(Barnes et al., 2007)



12.0

171

14.2

2.0

400 ¢ l L
=l
&-on. 5 \

1000@\/..\ :

Zonally and monthly averaged data
(10° cmr3; Spivakovsky et al., 2000)

180W 9QOW 0 90E 180E

Fig. 1. Annual mean OH concentrations near the earth’s surface,
calculated with a chemistry-transport model (Lelieveld et al., 2002).
The units are 109 radicals/em®. These results refer to OH in the
boundary layer at low and middle latitudes where mean OH con-
centrations exceed 10° radicals/cm’.

(Lelieveld et al., 2002; Krol et al., 20D3

Common acronyms for hydrogen compounds:
HO, := HO + HO, + H + CH,O + CH,00 + HOCH,OO
odd-H := HQ + 2 H,0, + 2 CH,OOH + HNQ, + HNQ,



