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Composition of the atmosphere

®* major constituents (99.9%) are
\/Nz (78% of the air by volume)
v'0, (21%)
v Ar (0.9%)

* the remaining 0.1% are “trace gases”:

~ v'Water vapour (H,0) = can be 2-3% in warm ground fog, but
only 4 to 6 ppmv or 0.0004 to 0.0006% in the stratosphere)

v'Carbon dioxide (CO,) = 0.04% or 400 ppmv

v'Ozone (O5) > 10 ppmv in stratosphere > Why bother about ozone?
- v'Methane (CH,) > 1.8 ppmv

v'various oxides of nitrogen

v'Neon = 0.002% or 20 ppmv

v'Helium > 5 ppmv

greenhouse
gases
|

* additional atmospheric components: aerosols and ions
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Ozone in the atmosphere
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Ozone in the atmosphere

90 % of atmospheric ozone

formed by a balance between sunlight that
creates ozone and chemical reactions that destroy

it
beneficial role: acts as primary UV radiation
shield

10 % of atmospheric ozone

* forms when nitrogen oxide gases from vehicle and
industrial emissions react with volatile organic
compounds (VOCs)

* harmful impact: toxic effects on humans, animals
and vegetation

\l
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Effect of ozone on Earth

O; concentrations \ in stratosphere

U

UV radiation /

(cataract)

* increase of eye diseases

* more skin cancers

HUMAN BODY
* plankton damage
°* CO, 7
* biodiversity disappearance
OCEANS

ECONOMY

smaller crop yields
less food (food shortage)

some materials (e.g. rubber)
will break down faster

faster and more replacement
purchases
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Ozone & radiation
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O; (and to a lesser extent: O,): very
efficient in absorbing the harmful solar UV-
radiation (at the surface: UV-C: 100%, UV-
B: 90%, UV-A: 50%)

This property is important for its
formation!
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Ozone & radijation
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Tropospheric O,

1. The Chapman cycle for ozone production

* Chapman (1930) hypothesized that UV radiation was responsible for ozone
production and proceeded to lay the foundation of stratospheric
photochemistry: the Chapman reactions

* atomic oxygen is formed by the splitting (dissociation) of O, by high energy
ultraviolet photons (A < 240 nm) via (“O, photolysis”)

O,+hc/A>0+0 (1)
* atomic oxygen is highly reactive (very short lifetime, <1s in stratosphere):
O, + 0 + M & 05 + M* (exothermic) (2a)
with M any other molecule (most likely N, or O,)
* The ozone photolysis reaction (220 < A < 320 nm)
O;+hc/A>0,+0 (2b)
cycles with (2a), leading to
O a continuous interconversion of O; and O
O heating of the stratosphere due to conversion of UV in thermal energy

OZONE PRODUCTION IN THE STRATOSPHERE

(1)

y
<>:>

High energy ultravlolet radlation
strikes an oxygen molecule,

<>/ =

.. and causes It to split Into
two free oxygen atoms.

The free oxygen atoms collide with
molecules of oxygen. . .

THE CHAPMAN PROCESS
. (2b)
A
K

Ozone absorbs a range of
ultraviolet radiation. ..

.. to form ozone molecules.

OF QZONE DESTRUCTION

x\f,/

N

.. &plitting the molecule Into one free
oxygen atom and one molecule
ordinary oxygen.

S (3)
O

.

The free oxygen atom then can

colllde with an ozone molecule. . .

@ @

.. loform two
molecules of oxygen
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2. The Chapman cycle for ozone loss

* Chapman also hypothesized that ozone is lost by a reaction with the free GZONE PRODUCTION IN THE STRATOSPHERE
oxygen atoms. This ozone loss balances production: j (1)
\IZ

0,+0>0,+0, (3) fv: Q==

7N

N

High energy ultravlolet racllatlon .. and causes It to split Into
strikes an oxygen molecule. .. two free oxygen atoms.
(2a)
2. Ozone and oxygen atoms are \\\ ////
1. Oxygen molecules are continucusly being interconverted — ==
photolyzed, yielding as solar UV breaks ozone @“
2 oxygen atoms and the oxygen atom reacts with
The free oxygen atoms collide with .. to form ozone molecules.

(SLOW). another oxygen molecule (FAST).

molecules of oxygen. . .
THE CHAPMAM PROCESS OF OZONE DESTRUCTION

Sa (2b) <

This Interconversion process Ozone absorbs a range of .. Splitting the molecule Into one free

converts UV radiation into oxygen atom and one molecule
ultraviolet racliatlon. .. ordinary oxygen.

1

i H *
3. Ozone is lost by a reaction of the oxygen atom it smamy histing tie

or the ozone molecule with each other, or some stratosphece (3 )

other trace gas such as chlorine (SLOW). _
® a@ a@@

The free oxygen atom then can .. loform two
colllde with an ozone molecule. . . molecules of oxygen

BUT: different reaction rates due to wavelength of light, relative concentrations ([O5]/[O,]= 1/100000),
lifetimes (O: 104 - 10 s, O5: 3-60 min), photon flux (» with h ), oxygen density (\ with h 7), etc.
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3. Example: Ozone photolysis

We illustrate how the ozone photolysis rate (< absorption cross-section + # of incident photons + # O;) depends
on altitude, latitude, season and has some diurnal variation.

UV flux

\ H \ \ H \\ \ Dependence on altitude
of|l® .
\ + i H \‘\ \ . * steady flux of photons at the top of the atmosphere
o LR LE 161418 e
& Lb Lilel® la] *1 *|, * As they travel down through the atmosphere, these photons are
2 ° o | ® °. '. intercepted by ozone and other molecules (= less photons at lower
; .. L ol ol : o ® \. \.. 4 altitudes)
2 © ° ole © o | ®
= ® ® [o] 3
i L °. : : . l! ‘.'.t‘ \'. X';- * In the low density region at the top of the atmosphere, there are very few
o ® l, ® % s .l L o|3 molecules to absorb photons, hence little absorption occurs at the highest
@ [ ]
= .Lo ; ® o oo, altitudes.
° PO ® o
° ol®_*° ° : . :
o ©® L.: o 2 * At lower altitudes, the density of molecules increases, hence the

absorption becomes quite strong.

* Density of molecules decreases with higher altitude, and

abosorptionis pro tional to the density of the molecules and . . . .
the cross- section. o »0zone photolysis reaches a maximum in the middle layers of the
I ey Deohe SASUGt has BACONS Iars s shonoR 185 atmosphere.

significant absorption. 11
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3. Example: Ozone photolysis

We illustrate how the ozone photolysis rate (< absorption cross-section + # of incident photons + # O;) depends
on altitude, latitude, season and has some diurnal variation.

Diurnal dependence

* at night: no sunlight - photolysis rate =0

* longest path lengths at sunrise and sunset,
shortest at noon

Note path length
aitorence”

rence

* The longer the path that light must travel
through the atmosphere, the more
molecules the light will encounter, the
more photons that get absorbed.

» 0Ozone photolysis rates for a given altitude
are higher at noontime (more remaining
photons) than at sunrise and sunset

12
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3. Example: Ozone photolysis

We illustrate how the ozone photolysis rate (< absorption cross-section + # of incident photons + # O;) depends
on altitude, latitude, season and has some diurnal variation.

Dependence on latitude Dependence on season

The solar zenith
angle (0) is the angle

be%woen the zenit

and the direction
10 the Sun.

i e
direction directly
overhead.

highest photolysis rates at tropics highest photolysis rates in summer

13
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4. Total ozone column for the Chapman chemistry

Chapman chemistry

* Ozone is created in the middle to upper stratosphere of
the tropics.

O @ tropics: availability of the necessary extreme
ultraviolet (EUV) light

O @ these altitudes: the creation of ozone is maximized
owing to two effects: a sufficient supply of oxygen and
a sufficient amount of incoming UV light

* too much global average for column ozone (790 DU vs. 300
DU in measurements)

. * Chapman estimates are much too high in the tropics, and
too low in the polar regions

1400
1200}
1000 |

800

Total ozone (DU)

600
400}

200}

March total column (Chapman chemistry)
T T T T T

Latitude

March total ozone column for Chapman chemistry
— | (solid line) and measured by satellite instrument (dotted line)

extratropics (Brewer-Dobson)

1. reactions of O, with other trace gases alter the ozone budget (catalytic loss)

2. Atmospheric circulation transports ozone from its tropical source region into the

14



Introduction: role of |  Stratospheric O, . L O; & climate _
0, chemistry II O; time variability (change) Tropospheric O,

5. Catalytic loss

* Nobel Price in Chemistry in 1995 awarded to Paul Crutzen, Mario Molina and Sherwood Rowland “for their
work in atmospheric chemistry, particularly concerning the formation and decomposition of ozone”

* A catalyst is a substance, usually present in small amounts, that facilitates chemical reactions without
itself being consumed by those reactions.

* In this catalytic process, the ozone molecule is lost while the catalyst is reformed to potentially destroy
another ozone molecule.

* Most important catalysts for ozone loss: chlorine, nitrogen, bromine or hydrogen:
o CL (CLl+ClO) )
o NO, (NO+NO,)
> Br, (Br+BrO) — catalytic cycles

o HO, (OH+HO,)

e
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5. Catalytic loss: a Cl, catalytic cycle

* The catalyst is ClO, which reacts with an ozone atom to form Cl and 02
O; +hc/A>0+0,
ClO+0->0, +Cl
Cl+0;>0,+ClO
Net: O;+0; > 30,

* At 40 km, this Cl-ClO catalytic chain can destroy nearly 1000 ozone
molecules before the Cl or ClO is converted to a benign chlorine form
(“reservoir species”) such as HCl, CIONO,, and, to a lesser extent HOCL.

* HCL/CIONO, and HOCl typically last for days and hours respectively, and are
photolyzed by UV radiation. This again frees the chlorine to destroy more
ozone.

* Eventually, the Cl atom is carried out of the stratosphere. Over its lifetime
in the stratosphere, an individual Cl atom can destroy about 100000 ozone
molecules.

Cly Catalytic cycles

hv

hv

Cl

Clo0

HO,

NO,

Bro

hv

See Lary, JGR, 102, 21515-21526, 1997.

Clo

clo

Cl202

16
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chemistry

Discovery of the ozone hole

* In 1985, Joseph Farman and colleagues noted a drastic depletion of the ozone

O, time variability

O; & climate
(change)

Tropospheric O,

layer over the Antarctic, the "ozone hole*“.

* The surprisingly rapid depletion of the ozone layer over Antarctica could not be |
explained by transport processes or by gas phase chemical reactions. Crutzen and |
colleagues identified the alternative mechanism as chemical reactions on the
surface of cloud particles in the stratosphere.

| TOTAL 0zONE

DOBSON
UNITSt

300"Hﬁm *ﬂ

200 OCTOBER l‘

1960 1970" 1980
YEAR

| HALLEY BAY MONTHLY MEANS

Farman et al., Nature, 1985

Barthia et al., August 1985

B

17
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Introduction: role of
0O,

I O, time variability

6. Heterogeneous chemistry

* A heterogeneous reaction is a chemical process that involves solid, liquid, and gaseous phases (hence, it is a
multiphase process). Heterogeneous chemistry occurs on or in condensed particles (such as liquid water droplets or solid
ice particles) that are in contact with gaseous molecules.

* Such multiphase processes include adsorption (i.e. adhesion of a thin layer of molecules to a surface) or absorption of
molecules onto particles. This is followed by chemical reactions on the particle surfaces or within the particles
themselves.

* Stratospheric particles of interest:

v'sulfate aerosols, typically composed of a solution of sulfuric acid (H,S0,) and water. The sulfuric acid comes from carbonyl sulfide
(COS) and sulfur dioxide (SO,) carried into the stratosphere via tropical lifting, or by direct injection of SO, into the stratosphere from
very explosive volcanic eruptions, such as El Chichon in 1982 or Mount Pinatubo in 1991.

\/polar stratospheric clouds (PSCs): clouds in the winter polar stratosphere.
O at very high altitudes, between 15 and 25 km
O at temperatures of around -80°C (192 K), colder than average lower stratosphere temperatures
O at those extremely low temperatures, water and nitric acid (HNO5) condense to form clouds

O associated with the polar vortex: during the long dark Antarctic winter, stratospheric winds
move in a circular pattern over the polar region, isolating the air above the Antarctic land mass.

18
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6. Heterogeneous chemistry

* The reservoir species (HCl, CIONO,) are mostly
nonreactive in their gaseous state.

* However, dissolved in liquid sulfate aerosol particles or on
the surfaces of PSCs, they become highly reactive with
one another:

CIONO, + HCL = CL, + HNO;
CIONO, + H,0 = HOCL + HNO;
HOCL + HCL = Cl, + H,0

* The formed nonreactive HNO; remains in a solid (frozen)
state on the surfaces of the PSC (type 2). As those PSCs
undergo sedimentation, the HNO; is carried out of the
stratosphere (“denitrification”)

* The formed chlorine species Cl, and HOCL are short lived.
They are quickly photolyzed by sunlight (even in visible
wavelengths!) when the sun returns to the Antarctic in the
early Spring. 3

A
vV
In the “gh‘ of the < >
rising spring sun Py
'jj Formation of p?lard Forrlba\}lon of ClO,: 3
tratospheri :
stratospheric clouds Cly + 1w oC|
HNO, H,O HOCI + hv — OH + CI
TR Y
. Activation of Cl,: Catalytic 4
ozone depletion:
CIONO, HCI
HOCI cold, isolated \ 10 * €10 7 Cl0O,
polaé &%tex Cl,0, + hv—=2Cl + O,
N-Os ) cl+0, Y —+ci0+0,
012 HoCl
re
StratOSPhe \ Ikm

2060:12.80:1/86:bim

19
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6. Heterogeneous chemistry

* As a result, via the Cl-ClO catalytic chain, ozone can be
destroyed over this area in the spring season.

* Moreover, as NO, is locked up as nonreactive HNO; in the
ice crystals, it cannot deactivate chlorine (ClO + NO, =
CLONO,) and helps to maintain high levels of active

chlorine!

4

* Key ingredients to have ozone loss at the poles

v/Chlorine: ClO catalytic cycle
v'Cold: polar vortex

v'Seasons: dark and light
v/Clouds: PSCs

v'UV radiation: springtime sunlight

Y
In the “gh‘ of the < >
rising spring sun__ S
'jj Formation of polar Formation of CIO,: 3
stratospheric clouds: uv
Cl, + hv —2Cl
HNO, H,O HOCI + hv — OH + CI
TR W
. Activation of Cl,: Catalytic 4
ozone depletion:
CIONO, HCI
HOCI cold, isolated ClO +Clo —=C1,0,
polaé &%tex Cl,0, + hv—=2Cl + O,
N2Os ) cl+0, Y —+ci0+0,
012 HOCI
9 km

Stratosphe' \

Tt opos"“e

2060:12.80:1/86:bim
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7. Brewer-Dobson circulation

General principle

* The Brewer-Dobson circulation consists of 3 parts:

\/rising tropical motion from the troposphere into the

stratosphere

v poleward transport in the stratosphere

\/descending motion in both the stratospheric middle and polar

latitudes

**The middle latitude descending air is transported back

into the troposphere

**the polar latitude descending air is transported into the

polar lower stratosphere, where it accumulates.

O; & climate _
(change) Tropospheric O,
10—
P R e
< Wave-driven
30 |-

300 |-
hPa

1000

-l

380

< extratropical
puimp"

Two-way exchange
blocking anticycionas
cut-oif cyciones
fropopause iolds

Y

o P T -!l"'-'-'——
gpopause

Some
cumulonimbus
penetrate
siratosphere

!

Pole

Latitude

Equater
Holton et al. 1995
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7. Brewer-Dobson circulation

Implications for ozone

* Tropics:

* “ozone clean” air moves slowly upward in the tropical
stratosphere, where ozone is being created by the slow
photochemical production caused by the interaction of
solar UV radiation (most intense there) and molecular
oxygen.

* even though ozone production is small and slow in the
lower tropical stratosphere, the slow lifting circulation (6
months to raise air from 16 to 27 km) allows enough time
for ozone to build-up.

* Extra-tropical latitudes:

* poleward of about 30°N and 30°S, the Brewer-Dobson
circulation becomes downward as well as poleward, hereby
transporting the ozone-rich air to the lower stratosphere
and increasing the ozone concentrations there.

* As the lifetime of ozone in lower stratosphere is long (very
few O atoms there), it is not easily destroyed and can
accumulate.

O; & climate :
Tropospheric O
(change) posp 3
10—
P NSNS
< Wave-driven
30 - e e e
< extratropical ﬁ
Large-scale ascent
e 1} 1}
Ao — e . ‘h—
a : trgpopause
- pp
Some
cumulonimbus
—_—33) clouds
= penetrate
300 b=~ siratosphere
hPa \\300
Two-way exchange
blocking anticyclonas
cut-oif cyciones
fropopause olds
1000 Ll
Pole Equater

Latitude

Holton et al. 1995
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7. Brewer-Dobson circulation

Global total ozone distribution

* total ozone is generally lowest at the equator and
highest in polar regions, due to the Brewer-Dobson
transport

* this transport of ozone is strongest during late fall and
winter and in NH (because of the prominent
topography and more pronounced land-ocean contrasts
in the northern hemisphere) = highest ozone amounts
late winter and early spring

* very small ozone amounts in the Antarctic in
September-October: “ozone hole”

Global Satellite Maps of Total Ozone in 2021

»

Total Ozone (Dobson units)

s
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16~ 30]une‘46:;:“ (“1 \7;\\{¥/:!
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1. Ozone Depleting Substances (ODS)

* In the stratosphere, natural ozone creation and natural ozone destruction are in equilibrium.
* Stratospheric ozone is destroyed when it reacts with molecules containing nitrogen, hydrogen, chlorine or bromine.

* In the 1950s, CFCs (chlorofluorocarbons) or “Freon” were introduced in the industry as “miracle compounds”: inert, non-
toxic, non-flammable, long-living, cheap, safe, many applications:

v’ foam blowing

v" aerosol propellants

v refrigeration and air conditioning

v’ industrial cleaning of metals and electronic components

* Other halons (halogeneted hydrocarbons) contain also Br and have been used in fire extinguishing systems.
* These CFCs and other halons are transported to the stratosphere (e.g. by tropical lifting).

* In the stratosphere, Cl and Br are freed from CFCs and halons by UV photolysis, and they are converted to reactive gases
containing chlorine and bromine that lead to ozone depletion through the Cl, and Br, catalytic cycles.

24
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2. The Montréal Protocol g:g\ﬂ:und Ft;r:;ala 01!.)0P Atmospheric;(i)fetime (years)
CFC-12 CF,Cl, 1.0 120
Due to the discovery of the ozone hole, the global CFC-113 CF,CICF,CI 0.8 90
production and consumption of ODS (mainly CFCs and CFC-114 CF,CIFCI 0.6-0.8 200
halons) was regulated by the Montréal Protocol (signed in i S e o
1987). Halon-2402 CZF4B:;2 5.0-6.2 23-28
HCFC-22 CHF,CI 0.04-0.06 15-20
HCFC-123 CF,CHCI, 0.02-0.16 1-2
A phase-out of the production of CFCs and Halons was HCFC-141b CH,CFCI, 0.03-0.11 6-11
foreseen, and they were replaced by HCFCs (also containing HCFC-124 CF,CHFCI 0.016-0.024 510

H) and HFCs (hydrofluorocarbons) for many applications.

HCFCs have smaller ozone depleting potentials (reference =
CFC-11) and shorter atmospheric lifetimes; HFCs are not
ODS.

In Oct 2016, a Protocol amendment that controls HFCs has
been signed in Kigali, Rwanda.

all these substances are greenhouse gases (global warming
potential)!

\

Evaluation of Selected Ozone-Depleting Substances and Substitute Gases

Relative importance of equal mass emissions for ozone depletion and climate change

Ozone-depleting substances

Chiorine gases

CFC-1

Carbon tetrachloride
CFC-113

CFC-12

HCFC-22

M
(0.87)
(0.83)
{0.75)
(0.04)

g Halon-1301
S
2 Halon-1211
£
= Methyl bromide | (0.57)
HFC-23 |(0)
g T HFC-143a |(0)
3 _§ HFC-125 ({0}
=1} ™~
E g HFC-134a ({0}
=]
A HFC-32 (o)
al®
g HFC-152a |(0) (153)
—~— |
1234yf |(0) <1
] 8 12 16 o] 5000 10000 15000
Ozone Depletion ial (ODP)  Global Warming Potential (GWFP, 100-yr)

Increasing ozone depletion —» Increasing surface warming —»
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2. The Montréal Protocol

EESC 1997 peak value EESC

2000 J

i /‘\\\‘ = equivalent effective stratospheric chlorine

1750 }
1,;\‘/ "\ = a relative measure of the potential for stratospheric

100 / ozone depletion that combines the contributions of
1250

i chlorine and bromine from surface observations from
2 / ! Ozone Depleting Substances (ODS)

1000 /
750
”,.o/.‘, Montreal Protocol (1989)
500 ;

1950 1960 1970 1980 1990 2000 2010 2020
Year

* due to the long lifetimes of some CFCs and halons (50-100 years)
in the stratosphere, the decline is rather slow.
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3. Ozone variability: Global (total ozone)

Global and Regional Total Ozone Changes Thickness of the ozone layer (0U) Uccle
350 .

Observed changes relative to the 1964-1980 average

345
- Global MNorthern Midlatitudes
: B T T T I T 1T T T I T T T T I LI I T LI I LI I _I T T T T T T T T T T 17T T T T T T T 1T T T T4 2% 540 a
[ Y S N = S B0°S-B0°N 7 4 = 350F 35°N-60°N
3 290F ] - e L
5k 172% 3 340F Jou
S 280:l TN N T N N T A T T TN N O N T T TN T N B |__4% 5 E i 49 i
1970 1980 1990 2000 2010 2020 §33ﬂ; 1 00
Year u —-6%
TN T T T T T N T T W [N N T T AN T T T O O T T M 325

1970 1980 1990 2000 2010 2020
Year 3204
||||||||||||-I|—r?||:"|r:|s||||||||||||_ 3151

20°5-20°N + 2%

A o =—— 0 3101
C —-2% 5 3
T T T T T O N T T T T T T B 305 % £ %
1970 1980 1990 2000 2010 2020 3 ; £
"I"E\ar 300 .i‘ + L JERERNEE R R R R
Southern Midlatitudes 72 74 76 78 80 82 84 86 88 90 92 94 96 98 00 02 04 06 08 10 12 14 16 18 20 22
Frrrrrrrrrrrrrprr 11T LI T |D| |__ 2%
3 ENARA e 05395 10 * onset of total ozone recovery?
— ing avera =320} J-2% . .
L"m'“m’““i:}r“;"g':“ = g F 14 ° highly uncertain due to large year to year
(=) - T =S o op e . .
——- 1964-1980 average 8 ¥°F e variability in most recent year (= dynamics,
300E Yo impact of volcanic eruptions)

PRI N T T T T T T A N
1970 1980 1990 2000 2010 2020 )
Year * latitude dependent!

WMO Scientific Assessment of Ozone Depletion, 2022
27



Introduction: role of Stratospheric O, . . ' 0O; & climate _
ﬁ]Tistry O, time variability (change) Tropospheric O,

3. Ozone variability: Antarctic

Oct 1979
1979



https://ozonewatch.gsfc.nasa.gov/ozone_maps/movies/OZONE_D1979-10%P1Y_G^1920X1080.IOMPS_PNPP_V21_MMERRA2_LSH.mp4

Introduction: role of Stratospheric O, [ : T I O; & climate ‘
0, chemistry O; time variability I (change) Tropospheric O,

3. Ozone variability: Antarctic

1979 1980 1981 1982 1983 1984 1985 1986 1987 1988

1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

mas R
0 100 200 300 400 500 600 700 October monthly averages
Total Ozone (Daobson units)

2019 2020 2021 2022 2023 see https://ozonewatch.gsfc.nasa.gov/monthly/climatology 10 SH.html



https://ozonewatch.gsfc.nasa.gov/monthly/climatology_10_SH.html

Introduction: role of
0O,

Stratospheric O,
chemistry

3. Ozone variability: Antarctic

! O, time variability II 03( (ﬁ; ;:;nea)te

Tropospheric O,

1980

u_,.ulllllll

Average (7 Sep.-13 OctL) ozone hole area (millions of km')
1979: 225

b

1994: 92

Average (21 Sep.-16 Oct.) minimum ozone (Dobson Units)

1

1990 2000 2010 2020

Mote: No data were acquired during the 1995 season

2023 23

2023 115
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Introduction: role of Stratospheric O, . . ' 0O; & climate _
ﬁ]Tistry O, time variability (change) Tropospheric O,

3. Ozone variability: Arctic



https://ozonewatch.gsfc.nasa.gov/ozone_maps/movies/OZONE_D1979-03%P1Y_G^1920X1080.IOMPS_PNPP_V21_MMERRA2_LNH.mp4

Introduction: role of Stratospheric O, [ I O; & climate ,
0, chemistry O; time variability I (change) Tropospheric O,

3. Ozone variability: Arctic

1979 1980 1981 1982 1983 1984 1985 1986 1987 1988

1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

[
0 100 200 300 400 500 600 700  March monthly averages

Total Ozone (Dobson units)

2019 2020 2021 2022 2023 2024  see https://ozonewatch.gsfc.nasa.gov/monthly/climatology 03 NH.h%nzwl



https://ozonewatch.gsfc.nasa.gov/monthly/climatology_03_NH.html

Introduction: role of Stratospheric O, [ . N— I O; & climate
0, chemistry O, time variability | (change)

3. Ozone variability: Arctic vs. Antarctic

Average Total Ozone in Polar Regions

- e, Arctic regionin March (63°-90°N)

s 3 8

Antarctic region in October (90°-63°5)

Total ozone (DU)
.
{

3
I

- — 1970-1982 chserved
springtime average
(ower 63°-90F)

-

1970 1980 1990 2000 2010 20

Year

Tropospheric O,

* consistently lower springtime ozone amounts above the

Antarctic region compared to Arctic.

* Arctic ozone holes in 1997, 2011, 2020

* presence/absence of (polar) vortex is essential for
facilitating the creation of ozone holes!

WMO Scientific Assessment of Ozone Depletion, 2022
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Introduction: role of Stratospheric O, O; & climate i
0, chemistry I O; time variability II (change) Tropospheric O,

3. Ozone variability: Arctic vs. Antarctic

Minimum Air Temperatures
in the Polar Stratosphere

Arctic winter
MNov Dec Jan Feb March April

-50 T T T T T —60
Average of daily minimum valuas 50° to 90° Latitude . . .
55 — Auctic, 1978/1979 to 2020/202] * much lower stratospheric temperatures in Antarctic vs.
— Antarctic, 1979 to 2021 =70

Arctic

| 8 Range of daily minimum values
— PSC formation temperature

* the PSC areas are much smaller in the Arctic than in the
Antarctic

Temperature (°C)
Temperature (°F)

| | | | |
May June July Aug Sept Oct
Antarctic winter

WMO Scientific Assessment of Ozone Depletion, 2022



Introduction: role of

O,

Stratospheric O,
chemistry

’ O, time variability l

O; & climate
(change)

Tropospheric O,

1. Ozone-climate is a 2-way interaction: climate - ozone

Total ozone (DU)

:

Total ozone (DU)

:

Changes in Global and Antarctic Ozone

Observations and model projections

:

:

| | | | T | | | | T |
60°5 -60°N

Global total ozone i

1980 level

— Observations
—— Historical simulation
Simulated uncertainties

i

:

:

| 1 I 1 I 1 | 1 | T | 1 ]
90°5-70°S Antarctic total ozone (October)

1980 level

Future Projection Scenarios: ]
— Low climate forcing (55P1-2.6)

— Medium climate forcing (S5P2-4.5)
— High climate forcing (35P3-7.0) -
1 1 | 1

I I
1980 2000 2020 2040 2060 2080 2100

Year

models show differing amounts of ozone changes
for different greenhouse gas scenarios: ozone
layer recovery is influenced by climate change
(and acting differently at different locations on
Earth)

* GHGs cool the stratosphere

* slow down of gas phase ozone destruction:
O; up

*in colder conditions more PSCs can be
formed for a longer time: O; down at the
poles

* GHGs strengthen Brewer-Dobson circulation

* GHGs interact chemically with ozone
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Introduction: role of | Stratospheric O,
0, chemistry ! O, time variability I

O; & climate

(change) Tropospheric O,

2. Ozone-climate is a 2-way interaction: ozone - climate

« climate has been affected by ozone loss and will be influenced by the trajectory of ozone

recovery
v tropospheric ozone is a greenhouse gas!
v' stratospheric temperatures

v' tropospheric circulation, temperatures and precipitation

1. The 0, hole cools the lower stratosphere during the Austral spring

and summer.

2. The cooling is very likely the dominant cause of the Southern
Hemisphere tropospheric midlatitude jet to strengthen and shift

poleward in summer.

3. The hole contributes to a Hadley circulation expansion, with an

associated increase of summer subtropical precipitation.

4. The increased tropospheric jet increases surface wind stress,

thereby changing the ocean’s circulation

5. No robust link between stratospheric ozone changes and Northern

Hemisphere tropospheric climate has been found.

Antarctic Ozone Depletion Impacts on
Summer Southern Hemisphere Climate

il

Zi0)

Stratosphere

Cooling due to Accelerated stry
the ozone hole

Polar Regions Middle Latitudes Subtropics

WMO Scientific Assessment of Ozone Depletion, 2018
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Introduction: role of Stratospheric O, : S O; & climate _
0, chemistry } O; time variability II (change) Tropospheric O,

Tropospheric ozone

* 10 % of atmospheric ozone
* strong oxidant detrimental to human health (smog!), crops and ecosystems
important for tropospheric chemistry as the primary source of the OH radical, the so-called “detergent” of the

atmosphere (O; + hv > 0 + O,, O + H,0 = 2 OH), converting trace gases (like CO, CH,) into water-soluble products that
are washed out by rain and snow

* greenhouse gas: contributes to global warming

. . . Stratosphere-Troposphere
* formation/destruction of tropospheric ozone by Exchange
stratosphere
uopospl;\ere v ;;v ‘ I l | '
v’ stratosphere-troposphere exchange . 3
Advection ’ "(“_m Ad no
v" photochemical formation: sun + O o W

<hem|ﬂry ;
u,o = H 0

N
precursors (NO,, CO and VOC) NMVOCs,cO-2H> Ho2 RO, e, 7
. .. cHa / w Chemica\
v photochemical destruction in low NO, | NOz . Oestructio®
conditions (OH-HO, cycle) Q“ > Ipc,g;mm\n <M,,,> _» < >
v dry deposition on the ground A..a.mmam..amm

Atmospheric Model
Layers

Layer

Boundary

From Young et al., Elementa, 2018




Take home messages

» The role of ozone in the atmosphere: the story of “the good” (stratosphere) and “the bad” (troposphere).
* Ozone is formed by photolysis with UV light, hereby heating up the stratosphere.

» Ozone is destroyed by reactions involving Cl, Br, N, and H atoms.

« Stratospheric ozone is lowest in its tropical source region due to global circulation!

« However, the record holder of the lowest ozone amounts is the Antarctic ozone hole, formed in spring.

» The detection of this ozone hole led to the reduction of the emission of Ozone Depleting Substances (ODS)
through the Montreal Protocol.

* Since those ODS have long lifetimes, the pending question now is if ozone is recovering or not.

» Climate change interacts with ozone recovery, making predictions about full ozone recovery difficult (and
uncertain).
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Further interesting reading

* WMO Scientific Assessment of Ozone Depletion, 2014
(https://www.wmo.int/pages/prog/arep/gaw/ozone_2014/full_report_TOC.html)

* WMO Scientific Assessment of Ozone Depletion, 2018
(https://ozone.unep.org/sites/default/files/2019-05/SAP-2018-Assessment-report. pdf)

* WMO Scientific Assessment of Ozone Depletion, 2022
(https://ozone.unep.org/system/files/documents/Scientific-Assessment-of-Ozone-Depletion-2022.pdf)

* http://www.ozonedepletion.info/education/ozone.html

* http://www.ccpo.odu.edu/SEES/ozone/oz class.htm

* http://www.theozonehole.com/

* http://ozonewatch.gsfc.nasa.gov/

* https://atmosphere.copernicus.eu/monitoring-ozone-layer

* http://ozone.meteo.be
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https://ozone.unep.org/sites/default/files/2019-05/SAP-2018-Assessment-report.pdf
https://ozone.unep.org/system/files/documents/Scientific-Assessment-of-Ozone-Depletion-2022.pdf
http://www.ozonedepletion.info/education/ozone.html
http://www.ccpo.odu.edu/SEES/ozone/oz_class.htm
http://www.theozonehole.com/
http://ozonewatch.gsfc.nasa.gov/
https://atmosphere.copernicus.eu/monitoring-ozone-layer
http://ozone.meteo.be/
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