=PFL  Recap from last lecture

Know the temperature profile of the atmosphere and the reasons for it.
Be able to convert units.

Know the concept of lifetime and what it depends on.

Know the carbon, sulfur and nitrogen compounds present in the atmosphere.
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- https://cloudatlas.wmo.int/en/nacreous-clouds.html




=PrL

Outline

= Stratospheric circulation

= Ozone chemistry
« Chapman reactions
 Catalytic cycles
« Ozone hole
 Polar stratospheric clouds

= Junge Layer



=PFL  «Discovery» of the Stratosphere

r » . *
liustrirte Aéronautische Mittheilungen. = In 1901, balloon flight to

R 4 — Ohbes 1004 10.5 km altitude by
Reinhard Suring and
Arthur Berson of the
Prussian Royal
Meteorological Institute

= 5400 m3 hydrogen
balloon.

= Objective: temperatue
measurements. No trust
In measurements with
L n‘m 13t mmm e balloon soundings.

G = tropos (gr.) =2 «turbulent»
strato (gr.) =2 «layered»

= https://www.pik-potsdam.de/de/produkte/infothek/telegraphenberg-d/suering-haus/reinhard-suring/hochfahrt



EPFL

Tropopause

isentropes

Air mass transport occurs along
istentropes, meaning that low-
latitude air enters the stratosphere

at high latitudes.
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=F7L Exchange processes across the tropopause

Y Eg Subsidenc;{:} -T

3
5
@
-]
S [, 7 e’ T ER S
=
10
CH,0 ===
CH10Q
A HO,
NO,
O Cloud
\‘\0\ i'i:?::'-‘ Chemist
g L il % Vi
Long range transport
Tropics QTenQETRneRON | idlelatiides: o TR ERReROR o oo
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TTL : tropical
transition layer
STJ: subtropical jet

Water vapor, ozone,
aerosols and cirrus
cloud in the upper
troposphere and lower
stratosphere (UTLS)
region, controlled by
these coupled
processes, have
important impacts on
the Earth’s radiation
budget.



=P*L " Brewer Dobson

Circulation

Fig. 1.Schematic of the Brewer Dobson
Circulation as the combined effect of residual
circulation and mixing in the stratosphere and
mesosphere.

- The thick white arrows depict the general
air mass movement as representation of the
residual circulation,

- the wavy orange arrows indicate two-way
Mixing processes.

Both, circulation and mixing are mainly

induced by wave activity on different scales

(planetary to gravity waves).

- The thick green lines represent

stratospheric transport and mixing barriers.
The Figure is by courtesy of Dr. U. Schmidt and it is adapted
from a non peer-reviewed research report of our institute.

Bonisch et al., ACP, 2011
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=PFL  Ozone vertical profiles
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=  Wallace and Hobbs, 2006, Fig. 5.16

= |t forms a protective shield that
reduces the intensity of UV
radiation (with wavelengths
between 0.23 and 0.32 um) from
the sun that reaches the Earth’s
surface.

= Because of the absorption of UV
radiation by O, it determines the
vertical profile of temperature in the
stratosphere.

= Itis Involved In many stratospheric
chemical reactions.

= 90 % of atmospheric O, is In
stratosphere



=P7L  Chapman reactions

Assumption: oxygen only atmosphere

Note: reaction coefficients depend on temperature 4 electrons of the 2p - orbital

triplet (still highly singlet (_highly
reactive) reactive)
A. Dissociation of O, by UV (0.180 < A< 0.240 um) 3p 1n 1
Ja 3 1 Al 4 4 Al Al 4l 4 |
slow O, + hv— 20 O(P)+ O('P) (excited state) 2 ! v T T
B. Atomic O and O, react to form O; (Mis N, or O,)
Occurs more rarely than often. Needs M to absorb excess energy to hy
ky form a stable O; molecule. Hence | '
fast O+0,+M—-03+M time constant increases with ~~_________ Sow
altitude, i.e becomes slower. el fﬁi‘ s
/’ — R
C. Oz undergoes photodissociation (0.200 < A< 0.300 um) / /ODD\‘ ‘.1
Je 0, + hv — O('D) I: 03 OXYGEN 2 ! 02
fast 03 + hy — {:}2 + O 3T "\\ \ ___// K
o('D)+M— O +M “w. O,+M .
D. Atomic O and O, combine to form O, - fast -
: : slow
k, Reaction becomes faster with 0+0
slow O + (:}3 — 2(:}2 higher altitude, because more O is +U3
availble there. Definition of odd oxygen: O + O,

Can be catalytically accelerated by
hetero atmos (e.g. Cl, Br).



=PrL

slow

fast

fast

slow

Is there a diumal cycle of
03 in the stratosphere?

A. Dissociation of O, by UV (0.180 < A< 0.240 um)
Ja
O, + hv =20

B. Atomic O and O, react to form O; (Mis N, or O,)
Occurs more rarely than often.

kp
O + 02 + M- 03 + M
C. Oz undergoes photodissociation (0.200 < A< 0.300 um)
Je
03 + hy— {:}2 + O
D. Atomic O and O; combine to form O,

O + 05520,

A. No.
B. Yes.
C. A small one.

10



=PrL

slow

fast

fast

slow

Is there a diumal cycle of
0; In the stratosphere?

A. Dissociation of O, by UV (0.180 < A< 0.240 um)
Ja
O, + hv =20

B. Atomic O and O, react to form O; (Mis N, or O,)
Occurs more rarely than often.

O+0,+MB0,+M

C. Oz undergoes photodissociation (0.200 < A< 0.300 um)
Je
03 + hy— {:}2 + O

D. Atomic O and O; combine to form O,

O + 05520,

= Stratospheric O, concentrations
exhibit minor diurnal variations with
time of day.

= After sunset, both the source (A)
and the sink of O; (C) are switched
off, and the remaining O atoms are
then converted to O; within a
minute or so by (B).

= When the sun rises, some of the
O; molecules are destroyed by (C)
but they are reformed by (A)
followed by (B).

11



=P A missing sink

= Chapman reactions predict the
shape of the vertical profile
correctly.

T T = They overestimate O,
concentration by a factor of two In
the tropics and underestimate O In

50 T ! T 1 T

Increasing, hence there must a
sink for odd oxygen.
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FIGURE 5.5 Comparison of stratospheric ozone concentrations as a function of altitude as

predicted by the Chapman mechanism and as observed over Panama (9°N) on November 13, 1970. ‘ Cata.lytic CyCIeS Of O 3
depletion involving H, OH,
Cl, Br.

Seinfeld and Pandis, 2006, p. 150



=P7L  Catalytic cycles

Net:

X + 03— XO + O,

X0 +0—X+ 0,

O + 05— 20,

X catalyst

XO intermediate product

Reactions are fast

Since X is recycled, only a small concentration is
sufficient to remove odd oxygen.

X = | altitude

: lower stratosphere

" below 30 km

OH | below ~40km

NO | middle stratosphere

Cl middle and upper stratosphere

*
1

* &

atomic oxygen is scarce

Hydrogen species as candidate
for O destruction: OH, HO, (HO,)

Three sources of OH in the
stratosphere:

H,0+0(*D) - 2 OH
CH, + 0('D) - CH, + OH
H,+ 0('D) —» H + OH

13



=PrL  Stratospheric tape recorder:
source of water vapor and methane

Way of describing total hydrogen (H,) in stratosphere

HALOE V18 2[CH,]+{H,0]

Satellite data
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MO, Global Ozone Research and Monitoring Project-Report No. 44
®  Scientific Assessment of Ozone Depletion: 1998, Chapter 7, page 7.21, Fig 7-07.
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=P7L What happens in the annual cycle?

A. There is less methane in winter
because of lower emissions.

B. There Is less water vapor in summer
because of more frequent rain.

C. There is less water vapor in winter
because of colder temperatures.

D. AandC.
HALOE V18 2[CH,]+[H,0]
Y B RS ESRRE R SRRSO 75m
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=PFL  Stratospheric tape recorder: source of water

vapor and methane N |
Way of describing total hydrogen in stratosphere

HALOE V18 2[CH,+[H,0]

S t ”t d t —r T n — T —T —r— T
atellite data 3?9 R é , 10.0 T7.5M
W 14.7 5 70
= A
= 215 .
9 ®E 65
£ 316 2 &0~
= 45
68.1 '
. e 100.0 3.9
Sep .lan May Sep Jdn Mdy Sep Jdn Mdy Sep .lan Mdy Sep Jdn MayAug
1993 1994 1995 1996 1997

Temperatures at tropical tropopause have a yearly cycle. When they are colder, the water vapor mixing ratio is lower
(condensation, ice crystal formation, precipitation). Hence less water vapor is introduced into the stratosphere. Methane is

not affected by the temperature.
Each air mass which passes the tropopause carries that specific water vapor signature (color code, tape recorder).

MO, Global Ozone Research and Monitoring Project-Report No. 44
Scientific Assessment of Ozone Depletion: 1998, Chapter 7, page 7.21, Fig 7-07.

16



=F7L HO, Catalytic cycles ’

Below ~40 km where atomic oxygen is available: Cycle disruption by removal of HO,:
o

OH + O3 — HO, + O,

HO, + O — OH + O, OH + HO, - H,0 + O,

OH +[NO,|+M - HNO, + M
HO, + NO, + M - HNO, + M

Net: O+ O3 — 20,

Below ~30 km, where less atomic oxygen is available: Reservoir species

OH‘FO?}—)‘HOz‘I’OQ
H02+ 03—3“01_1 +202

Reservoir species remove HO, from fast reaction cycles.

Net: 203 —> 302



=FFLNO, catalytic cycles

In analogy to HO,.
Most important in the middle stratosphere.

N,O + 0('D) » 2 NO

NO+O3—}N02+02
NO, + O — NO + O,

Net: O+ O3—20,

Cycling between NO and NO,
(interferrence cycle):

NO, + hv > NO + O
NO + O, - NO, + O,
O+0,+M-0;+M

NET: No change

Removal of NO, into reservoir species

NO, + OH + M - HNO, + M
NO, + HO, + M —» HNO, + M
NO, + NO, + M - N,O; + M

18



=P7L Cl, and Br, catalytic cycles ’

BrO + CIO — Br + CIOO Natural sources of Br and Cl are
CIOO+M —Cl+ 0, + M - CH,CI

from oceanic, terrestrial (plants, soils) emissions.
Cl+ O; — ClO + O, The methyl compounds are photolyzed by UV

Br + 03 — BrO + 02 radiation.

NET: 20, — 30,

Overall, the many chemical

reactions and catalytic cycles
‘ constitute a delicate
equilibrium that maintains

the stratospheric ozone layer.




=F*L Anthropogenic changes to catalytic cycles

Source of Cl, are CFCs, through photolytic o _
generation of Cl (photodissociation) = CFCs originate from cooling agents

(0.190< 2 < 0.220 um) and other applications. They have first
- been synthesized in 1928. CFCl, and
CFCl; + hv— CFCl, + Cl CF,Cl, are the most common (Freon).

= They have a long lifetime (several

CF,Cl, + hv— CF,Cl + CI
hundred years) because they are

Cl+0, — CIO + O, basically inert, only solar radiation in
ClO+0 — Cl+ 0O, the stratosphere can photolyze them.
NET: 0,+ 0 — 20, " In.1990 85 % of stratospherlg chlorine

originated from anthropogenic

Transformation into reservoir species: SOUrces.

= CFCs absorb strongly in the infrared
Cl + CH, — HCIl + CHj,4 q ] ont )
ClO + HO, — HOCI + O, and are hence potent greenhouse

CIO + NO, + M — CIONO, + M gases.



EPFL

Antarctic Ozone hole

2007

@

2015 2016

https://atmosphere.copernicus.eu/three-peculiar-antarctic-ozone-

hole-seasons-row-what-we-know

* Copermcus

S ECMWF

Discovered by remote sensing of O,
from Halley base in 1985.
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https://twitter.com/BAS_News/status/298753260574097408/photo/1



=PFL  Antarctic Ozone hole

= Why over Antarctica?
= Why during spring?
= Why could models not predict it?

22



=PrL Stratosphe“.c POIar vortex / Brewer Dobson Circulation \

Builds up in winter

~25 km

PSC: Polar
stratospheric cloud

Release of reactive
species (Cl,)
through
heterogeneous
reactions.

..g'llm-_ I
'—ill"'

OD
South
America
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POLAR VORTEX
(cold (—80 °C) and isolated)
H [ \\

~30 hPa

—

During Foll
polar night ollowing
sunrise in spring
@ Formation of PSCs .
HNO (@) Formation strong westerly winds
-§. s °f CIO and Cl function as transport
(egns. (5.84)—(5.87)) barrier
® Fielease of Clo and (ClO)2
and HOCI (eqn. (5.88))
(egns. (5.79)-(5.83)) Catalyllc depletion
of
% (eqns. (5.88)—(5.89)
Denitrification and
dehydration SEat_OSp_h EIE}
—_—__————_ ——__-—----
Troposphere - -..."1
\

(@5

m

o
Antarctica

Wallace and Hobbs, 2006, Fig. 5.21

Dynamics and chemistry work together.



=Pl Antarctic ozone
destruction

Wallace and Hobbs, 2006, Fig. 5.22
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=P7L  Polar Stratospheric Clouds (PSC) -

= Three types of PSCs

* Type I: forms near -78 °C,
mixture of nitric acid trihydrate
HNO,(H,O),; (NAT), and
HNO;-H,0-H,SO,, particle
size ~1 um, very slow
sedimentation

* Type II: forms near — 85 °C,
HNO,, H,0, sulfuric acid
tetrahydrate H,SO,(H,0),
(SAT) particles
> 10 pum, settle quickly

o Type 1 rapid freezing of Hzo https://de.wiki_pedia.o..rg/wi.ki/PoIare_Strqtosph%QS%A4ren

. wolken#/media/Datei:Arctic_stratospheric_cloud.jpg
due to orgagraphic flow,
(mother of pearl clouds, short-
lived) ‘ PSCs dehydrate and denitrify the stratosphere.




=P7L Polar Stratospheric Clouds (PSC)

Temperature (degrees Celsius)
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Type I:

HNO,(H,0); (NAT), HNO;-H,0-H,SO,
Type Il:

HNO,, H,0, H,SO,(H,0), (SAT)

PSCs are responsible for the
formation of reactive halogens
(e.g., Cl,) in the stratosphere that
deplete ozone.



Means at least two phases are 27

cPFL Heterogeneous chemiStw: ) involved, e.g., gas and solid or liquid
Adsorption mechanisms

&
t energy
: : energy
= Physisorption (van der
Waals forces) combined potential
= Chemisorption (bonds
fOI‘m | ng) c | rrTE——— A distance to surface
chiem
Key reaction to create reactive Cl, is: \ chemiscrpion
a) CIONO,(g) + HCI (g) = Cl, (g) + HNO4(g) slow b
b) CIONO,(g) + HCI (s) = Cl, (g) + HNO4(s) fast a \
Why is b faster?
HCl is ionized at the ice surface. That means Cl- ions are Physisorption takes place at larger distances from the surface (d>0.3 nm).
available for the reaction with CIONO, This reaction Chemisorption originates from strong covalent or ionic bonds at shorter distances.
involving ions is faster. Combining the two effects, a barrier AE might exist which needs to be overcome
HCI (s) exists because at the cold temperatures HCl is for chemisorption to occur.
efficiently absorbed by PSC particles that contain water.
(g) Gas phase
(s) Solid phase, i.e. on ice
|




=PFL Uptake of a gas molecule into a particle

gas interface liquid
Aerosol or PSC particle 1/rsol
Gas molecules 1/rg 1a “WAWWWAWWA
—IWWWWWWW—WWWWWWW— ——
‘ 1/Trxn
‘ v‘v‘v‘v‘v‘v‘v‘v‘v‘v‘
< >
e i
® H
: Fig. 1. Schematic of the resistance model for the uptake process.
I
® | Morita and Garrett, 2008

|

The reciprocal of the overall uptake of molecule i

N IS given as the sum of resistances:
The uptake of a molecule i into the

particle phase needs to overcome a

series of resistances to mass 1
transport.
I‘sol + I‘rxn
g gasphase diffusion
a mass accommodation coefficient (i.e. «sticking probability» of a molecule at the interface)
sol dissolution

- rxn reaction



=P7L  Heterogeneous chemistry on PSC "

Important because they convert the benign Cl-reservoir species into reactive species, and they remove HNO; (denitrification)
leaving more reactive CIO (because NO, is produced from HNO,, and NO, produces the reservoir substance CIONO,).

Without polar stratospheric clouds

Cl + CH, — HCI + CH,4

homogeneous
chemistry ClO + N02 +M - CION02 + M
(gas-phase
only)
(g) Gas phase
(s) Solid phase, i.e. on ice
Reservoir — reactive species
— CIONOs(g) + HCI(s) = Cly(g) |+ HNO;(s)
heterogeneous CIONO;(g) + H,O(s) =|HOCI(g)  HNOj5(s)
chemisty (gas
and particle
phases) HOCI(g) + HCl(s) = Cly(g) |+ H,0O(s)

NOs(g) + H,0(s) — 2HNO5(s)
N,Os(g) + HCI(s) =|CINO,(g)|+ HNO;(s)

DOI:10.13140/RG.2.1.4423.6008, WMO Antarctic Ozone Bulletin no. 4 - 2012. NO; + NO, +M — N,O5 +M



http://dx.doi.org/10.13140/RG.2.1.4423.6008

=P*L Photolysis during spring and ozone destruction

Photolysis
Cl, + hy — 2Cl

HOCI + hv — OH + Cl
CINO, + hv— Cl + NO,

Cl + O3 — CIO + O,

Ozone destruction

CIO + CIO + M — (ClO), + M
(ClO), + hv— Cl + CIOO
CIOO +M—>Cl+ 0, + M
2C1 + 205 — 2CIO + 20,

Net: 205 + hv— 30,

CIQO is the catalyst.

No dependence on atomic oxygen (low abundance at
that altitude)

Cl comes from CFCs, but is normally tied up in
reservoir species (HCI, CIONO,)

In the presence of PSCs, Cl2, HOCI, and CINO:are
released and, as soon as the solar radiation reaches
sufficient intensity in early spring, Cl and CIO are
released, which lead to the rapid depletion of Os

The dimer (CIO)zis formed only at low temperatures.
Low enough temperatures are present in the Antarctic
stratosphere, where there are also large
concentrations of CIO.

Therefore, the Antarctic stratosphere in spring is a
region in which the reaction cycle can destroy large
quantities of Osa.

30



=Pl Antarctic ozone

destruction

Antarctica area

Size (Million km?)

1980 1985 1990 1995 2000

Cold temperatures and sunlight are key features that
need to be met to produce the ozone hole.

Wallace and Hobbs, 2006, Fig. 5.22
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(c)
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=PFL  Why was there only a small
ozone whole in 2002?

A. The Brewer Dobson
Circulation was disturbed by a
volcanic eruption.

B. NO reservoir species were
formed that year, because of a
volcanic eruption.

C. There was probably less HCI
In the stratosphere.

D. The winter was warm.
E. B andD.

32



=F7L Montreal protocol

The Montreal Protocol is the first and only
treaty ever to have been ratified by every
nation on Earth.

WMO (2018) Scientific Assessment of Ozone Depletion: 2018, Figure ES-1

CFC-11 eq (Mtyr1)

In 1974 first paper on ozone destruction by

CFCs.
1985 first paper showing the ozone hole.

1985 Vienna convention for the protection
of the ozone layer.

1987 Montreal protocol to reduce CFCs.

* Reduction by > 98 % between 1986 and
2016

 CFCs replaced by HFCs (potent
greenhouse gases)

1995 Nobel prize (Paul Crutzen, Mario
Molina, Sherwood Rowland)

2016 Kigali Amendment: reduce HFCs by
85 % In the medium term

Qzone (Dobson Units)

Ozone (Dobson Units)

1.4

(a) CFC-11 equivalent emissions

CFC-12
CFC-11
CFC-113,-114,-115, CH3CCl; CH3Cl
CCly CH3Br

0.2
1960 1980 2000 2020 2040 2060 2080 2100
T TR TETETE FETETTTETE PETETETETE P P i e i i e
2957 =
290+ (c) Annual global |
total ozone
285+ -
280+ =
................... N
1960 1980 2000 2020 2040 2060 2080 2100
......... | T T S T T S T T S R (T T T T T (T T T (T T T S S T (N N U A A
(d) October Antarctic total ozone
350-‘\\ L
300 - —
250 - -
200 - o
N N N N T N N N W N N N b L N I N N N N I N N N N
1960 1980 2000 2020 2040 2060 2080 2100

Year
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Large ozone holes
in 2020-2022

Maximum yearly extent of the ozone hole

e (opemicss  ESECMWF B




=PFL  Arctic ozone hole?

Spring 2020, ozone sonde data,
Very cold winter because of very strong
25~ polar vortex

N
=)

—Alert 27 Mar
—Alert 2 Apr
—— Alert 8 Apr
—— Eureka 24 Mar
——Eureka 10 Apr
warm winter | = Ny-Alesund 27 Mar
2014/2015 Ny-Alesund 28 Mar
—— Polarstern 23 Mar
—— Resolute 30 Mar
lttogqortoormiit 1 Apr
—— |ttoggortoormiit 4 Apr
—— Sodankyla 2 Apr

—
n

—
o

Geopotential altitude [km]

0 1 2 3 4 S}

() Ozone [ppm]

Wohltmann et al., 2020, GRL, DOI: 10.1029/2020GL089547
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Fig. 5.23 Average ozone columns between latitudes 63°-90°
for the northern hemisphere in March (red line and symbols)
and the southern hemisphere in October (blue line and sym-
bols). [Adapted with courtesy of P. Newman, NASA Goddard
Space Flight Center. ]

Wallace and Hobbs, 2006
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=PFL  Can fires contribute to the ozone whole "
formation?

Halogen
species

ﬁ Poleward transport
i r,

pause 4 Self lifting

* PyroCb: Fast lifting of smoke into the UTLS regime

» Self lifting: Solar absorption causes ascent of smoke

» Poleward transport: Smoke reaches polar regions

* PSCs: Smoke influences particle number and surface area

* Halogen species: Activation in PSCs, influenced by smoke
Ozone: Depletion by activated halogen components

Figure 3. Key processes of the vertical and meridional transport of wildfire smoke from the emission sources to the polar regions.

= Ansmann et al. (2022), https://acp.copernicus.org/preprints/acp-2022-247/acp-2022-247.pdf



P71 Fires and Antarctic ozone whole
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= Ansmann et al. (2022), https://acp.copernicus.org/preprints/acp-2022-247/acp-2022-247.pdf



=PFL Fires and Antarctic ozone whole ”
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= Ansmann et al. (2022), https://acp.copernicus.org/preprints/acp-2022-247/acp-2022-247.pdf
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=PFL  Stratospheric sulfur (aerosols)
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Formation of gaseous H2SO4

SO, + OH + M — HOSO, + M

HOSO, + 0, — HO, + SO;
802+O+M—>SOS+M

SO5; + H>,O — H-S0Oy4

Particle formation:

* The combination of molecules of H.SOsand HzO (i.e.,
homogeneous, bimolecular nucleation) and or the
combination of H.SO4, H20, and HNOsto form new
(primarily sulfuric acid) droplets (i.e., homogeneous,
heteromolecular nucleation).

« Vapor condensation of H.SO4, H.0, and HNOs onto the
surfaces of preexisting particles with radius 0.15 pm
(i.e., heterogeneous, heteromolecular nucleation).



=PFL  Sources of stratospheric aerosols )

_________

popause
7km

Qrad=0 __|
zero net heating
~14 km —
region of main
outflow

. _© ® o Evaporation
® o
)
© ©
.. P ‘ Meteoritic
® ".¢ . . Dust
L) o © ‘ 4 3
© :
o9 ° ; S
{ ° Troplcol Reservoir ) e
© ... ‘ Nucleutlon 0" © .;- '. o o K 4 . \ d ;
. ... .. ..0 - 0o 0o Cougulgﬁon e . i * ~ B
.o...O.o. » © 069 o0 o 00.. g o «
b ¢ sex @%cc|e »* © * L
.l ocs—")soz—} H,S0, : i'c 0 ), 0 g ©. e 0% et .
* * . Condensational * oo o i - . X %
OAerosol G (3 Wintertime

Nucleatign
® g q. .-.q.

420 ocsA C24 ©.
”

®. Growth ©
®
T —
s°’A
ocCs

Nucleation

i1

HySO,

380 180
OCSA Aerosol

NET FLUX:
(Gg Styr)

s, s0f

Aerosol 100'

Others 10

Biomass

Burning Industry

Polar
Regions

ocs 40' |

In absence of volcanic eruptions COS is the most
important supply of S in the stratosphere:

COS + hy— CO + S
S+ 0,—SO+0
O + COS — SO + CO

SO + 0,— S0, + O
SO + 03— SO, + 0O,

Net: 2COS + O, + O3 + hy— 2CO + 280, + O

Kremser et al., 2016,
10.1002/2015RG000511
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=P7L Take home messages

= Know stratosphere-troposphere exchange mechanisms.
= The stratospheric ozone layer protects us from UV radiation.
= Chapman reactions and the missing sink.

= CFCs contribute to ozone destruction at the poles.
« Cold temperatures and polar stratospheric clouds are needed.

= Also forest fires can contribute to PSC formation.
= There is a natural sulfate aerosol layer in the stratosphere.

= Anthropogenic emissions contribute to aerosol in the stratosphere.
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