ENV 320 — Tropospheric
Chemistry



\Where does ozone come from in the urban atmosphere ?

O ~ O v O x O x

It is directly emitted by cars and From reactions involving VOCs and It comes from trees and other natural It is produced by the combustion of
industrial sources. NOx through photochemical reactions. sources emitting ozone. fossil fuels.



2 f/-———-

R'CHO —+ SODA

Which species are radicals ?

0 x

H2S04, HNO3

0 ~ 0.

HONO, H202, HCHO HOZ2, OH,RO2, RO

0 «

03,0(1D)

e



[O('D)] =

Jjo,—o('p)[03]

k3[M] + k4[H2 O]

Why can k4[H20] often be neglected in the steady-state equation for [O('D)] ?

While [O3] matters for

The reaction is actually O('D) production, the O('D) does react
fast and a key source of neglect of k,[H20] with H,O, producing
OH in the atmosphere. relates to loss, not 2 OH radicals.

ozone concentration.

O x O x O x

Reaction between O('D)and H.O  Concentration of O is much O('D) does not react with water
is too slow to be relevant. higher than that of H.O. vapor in the atmosphere.

O

k4[H2O] =< k3[M]



=P*L  Formation rate of O(D)

Remember stratospheric chemistry lecture: excited state of oxygen

Ozone is Production of O(*D): P «j» is used for photolysis rate = k;

at the | 0.-00p1[03] = (k3[M] + ks [HOD[O('D
origint O3 +Av- %0, +O('D) Jos—o()[03] = (k3[M] + ks[H>0])[O("D)]

Losses of O('D) : L Jo,—~o(»)[03]

Fast loss of O(*D) O(D)] = k3[M] + k4[H20]

O('D) +M—-0+M
M is N, or O,, quenching —> pseudo steady state

to ground state, and - P=L
0+0,~> O, null cycle N d[o(*D)] ~ 0

i 4 dt
O('D) + H,0 - 20H

EXERCISE :

Calculate rates of production for
various relative humidities.




=P"L  Formation rate of O('D) o, 00{O3]

Consider the following: o [O("D)] ks [M] + kq[H20]
= At 298 K, for the atmospheric mixture M = N,/O, (>99%):

N.
k4 <M = 0—2> =29x 1071 cm3molecule™1s71
2

ks 2.2 x 10719 cm® molecule ™' 57! = At midlatitudes at the surface at noon, we
_ _ . assume: §o, = 50 ppb = 50 x 10°

= The first-order photolysis rate coefficient of O; > O(*D):

-1

: — -5 . .y
Jos»o(p) = 6 X107 s = For &,,o0we need the relative humidity.

= Considering mixing ratios, and considering the N,/O, mixture (M) is EHZO = RH X EHZO, sat
~100% of the dry atmosphere, we have: g
[O] = &, M, and [H,0] =&,,,0 [M] Ei120,500 = 20177 at 298K

[O(lD)] - jO3—>O('D)g03 [M}

k3[M] + k4Cp,0(M]
= So: EXERCISE :
_j03_>o(lD)§03 Calculat_e rates _of_ Q(lD) production
ok 1k for relative humidities of
3+ kapyo 20%, 50% and 90%.




=P*L  Formation rate of O(D)

g Josso(pyEo, M]
(D))= k3[M] + k4§(:120[M]

. - = 0.2 X 0.021 = 0.0042 :
AtRH 20%:  Eu,0 Jo,-o(p)€o,

k3 + kaly,0

6 X 107> x50x%x 107° molecule
0.1003

[0(1D)]

T (29%x10710) + (2.2 x 1010 x 0.0042) _ cm3

= AtRH50%: &m0 = 0.5Xx0.021 = 0.0105

Small changes with RH
[0(1D)] = 6X107°x50x10~° — 0.0958 molecule because k4§H20 << k3 at
T (29x10711)4(2.2x10-19%0.0105) cm3 the denominator

Things are different
when considering the
production of OH

- AtRH90%: &m0 = 0.9 x 0.021 = 0.0189

6X1075%x50x10~° molecule

oAD)] = (2.9%x10711)+(2.2x10710%0.0189) = 0.0905 cm3




=PFL Formation rate of OH radical

O('D) + H,0 2 OH

Replace [O(*D)] with
(from previous slide)

Pon = 2k4[O('D)][H,0]

0('D)] = Jo=otm) (03]

k3 [M] +M

2 jo,—o(pyks [H20]

k3 [M] O3

Pop =

Now we have a direct
dependence on [H,0]
(and hence RH)

o — 2 ks[O(' D}|[H,0] Ratio of OH produced
Jos—0(p)[03] from O(1D) to O(1D)
_ 2kJO('D)][H:0] produced
~ (k3[M] + ky{H20])[O('D)]
2 k4 [H,0]

" k[M] + ka[H20]

 2ke[Ho0]  2kaEp0

T M ks
RH(%) 10 25 50 80
€oH 0.047 0.12 0.23 0.38

At 80% RH, nearly 40 %
of the O(1D) formed
leads to OH radicals.




\Why are there always enough OH radicals in the troposphere ?

O -

Constant OH production through photochemical
reaction of O3 with H2O.

OH radicals are constantly
destroyed in reactions but are
rapidly recycled in
photochemical cycles.

0 «

OH radicals are not destroyed and accumulate over
time.

OH radicals are primarily
produced in the troposphere,
especially from ozone photolysis
and reactions with water vapor.

0 «

OH radicals only produced in the stratosphere, not
the troposphere.

OH radicals are not human-
made pollutants and have a
short lifetime, reacting quickly
with other compounds.

0 «

OH radicals are human-made pollutants with a long
lifetime.



What is the average concentration of OH radicals in the atmosphere 7

O «x O v O x 0O x

107-6 molecules/cm3 1076 molecules/cm3 10/A-4 molecules/cm3 10724 molecules/cm3



\Which reaction is not an OH sink ?

OH formation

O x O x O v O x O x

Reaction with VOCs OH +NO --> HONO HO2 + NO --> OH + NO2 OH +NO2 --> HNO3 OH+CO+02-->HO2 +
CcO2



\What is the Leighton Cycle ?

This describes the
Chapman cycle.

O x

Cycle of production and destruction of
O3 in the atmosphere.

0 v

Photostationary cycle between O3,
NO2 and NO under sunlight.

This describes a different
atmospheric process. The
Leighton cycle involves NO,
and ozone, not CO.

0 «

Cycle where O3 reacts directly with CO
in presence of UV light.

This describes the processes
related to ozone depletion in
the polar regions, specifically in
winter, but is not related to the
Leighton cycle, which focuses on
OH radical formation.

0 x

Cycle describing formation of PSCs
and their role in O3 depletion.

i



\What does the ozone isopleth plot show ?

Refers to stratospheric ozone
depletion, not tropospheric
ozone formation.

O v O ~

Dependence of ozone formation Rate of O3 destruction by
on VOC and NOx concentrations.  stratospheric Cland Br
compounds.

Ozone mapping

0O «x

Global distribution of total column
ozone das measured by satellites.

0O x

Lifetime of ozone in different
atmospheric layers.



The most important oxidants are::

O * O v O x O x

Day: O3 Night: NO3 Day: OH; Night: NO3 Day: NOx ; Night: NO3 Day: OH ; Night: NO2



=P7L CH, oxidation :

CH4 + OH — CH; + H,0 (R1) CH,... methyl radical, reacts instantaneously

CH; +0; + M — CH;0;, + M CH;0,... methyl peroxy radical, reacts
instantaneously

CH; + OH —é-: CH;0, + H,O Remember the CO + OH reaction, analogy.

Methane has a lifetime of approx 9
years against OH. Because of its high

concentration (~1920 ppb) it has an
important effect on tropospheric ‘ _

chemistry in the remote atmosphere.




=PrL

CH, oxidation ’

CH; + OH L CH; + H,0 (R1) CH,... methyl radical, reacts instantaneously

Rate coefficient for R1 : k; = 2.45 - 10-12 . e(1775T) ¢cm3 molecule! st
T=273K
[OH] = 10® molecules cm

Lifetime of CH, against OH :
d[CH,]
dt

= —k[CH,][OH] Pseudo-first order because [OH]

assumed constant on the timescale

d[CH,] _ of methane deca
dt 4 = _keff[CH4] Wlth keff = k[OH] y

1 1 1
T = = = 1575 = 271984064.3s = 8.6 years

kerr KIOH] 5 45 . 10-12 . o(-573) . 10

Methane has a lifetime of approx 9 years
against OH. Because of its high
concentration (~1920 ppb) it has an important
effect on tropospheric chemistry in the
remote atmosphere.



Is there an annual cycle in the global ozone distribution ?

December—February June-August

O, generally low throughout the year
over the tropical oceans.

Over middle latitudes : seasonal
variations with pronounced spring
maximum.
- March — May for Northern
hemisphere (NH)
- September — November for
Southern hemisphere (SH)

60W 0 60E

180 60W 60E

March—May September—November

Over industrialized regions of NH : L e EE R
. . . | Ie—

hlgh 03 concentrations durlng Fig. 5.6 Composite seasonal distribution of the tropospheric 1 20 % %0 % 40 ® 50

summer ozone column (in Dobson units) determined from satellite Dobson Units (DU)
Industrial it | measurements from 1979 to 2000. [From Atmos. Chem. Phys. 3,

- Industrial areas emit large e
amounts of NOx and VOCs Wallace and Hobbs, 2006
= chemical ingredients
s 0 v O X

for O, formation.
- Longer days and

stronger sunlight Yes No

in summer increase

photolysis rates.




What is the size range of aerosols ?

gaseous aequous haze mineral dust pollen, bacteria, spores
precursors nano particles soot particles smoke particles volcanic ash plant debris
(H,S0,,...) seasalt - cloud droplets

condensation > condensation - condensation

oagulation - coagulation > coagulation> coagulation it
Hz50, evaporation abrasion
NOE <" S € 2 =~ T e T T e e e e e e e
NO; >
hom./het. Ik o Pl Activation as
iy accumulation Cloud Drople 5
reactions mode o
1 10 100 1000 10000

| I | |
Particle Diameter[nm]

0 x O x 0~ O x

10 -1000 nm 10 -1000 pm 1-10000 nm 1-100 nm

https://www.dwd.de/EN/research/observing_atmosphere/composition_atmosphere/aerosol/cont_nav/particle_size_distribution_node.html



How is the total particle number of atmospheric aerosols typically expressed ?

The Knudsen number describes
flow regimes, not particle
number distributions.

0>< OX O\/ Ox

By the mass concentrationin As the surface area per unit volume. As number distribution per logarithmic By the Knudsen number.
micrograms per cubic meter (ug/m?). diameter interval (dN/dlogDp).



=PFL Derivation of the size distribution

Example 1:
9 size classes (instrumental channels) with a width of

100 nm, with 10 particles cm-3 per channel. We consider

the measured concentration (dN) in each channel.
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Example 2:

We now use a different measurement instrument

with different channel widths.
- The shape of the size distribution changes, while

= This is problematic.

the aerosol population is exactly the same.
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=PrL

Particle concentration (cm= nm™)

Derivation of the size distribution

21

To avoid this problematic effect, we divide the measured concentrations by the width of the channel

(normalization).

dN dN

mFD L)
dy  —dy d(dp)

|
0.30
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0.05

0.00 —

Now both example distributions are n
the same.
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dN A more realistic example
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=PrL

Derivation of the size distribution )

In the atmosphere the size range of aerosol particles ranges over several orders of magnitude, we
therefore use a logarithmic scale for the diameter axis.
(Note, also the size channels of measurement systems are selected to be roughly logarithmic.)

dN dN dN

dload. qub. qLD. b 06 a— loa b = loa(a/b
gap log(é; >—log<dL> 10g<dplb> oga-—log og(a/b)
0 0 v

An even more realistic example:

Channel N (cm) ™4 B
10-20 1 T 124 L U.b. upper bound of size channel
20-40 1.5 = o 5 | L.b. lower bound
40-80 2 S AN\
80-160 4 5 °7 / AN [ d, is needed because we cannot
igg'éig ?0 s ° /) \ ~  use the logarithm for a dimension
St @ 44 - only for a number
640-1280 7 2 yd \-\ (only )
1280-2560 3 & 27 T N B
2560-5120 1 0_| T T T T IIIII T T T T IIIII T T T T |III| T T T T IIIII_
10° 10' 107 10’ 10*

Particle diameter (nm)



=PrL
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