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A	  few	  background	  facts	  

o  Ozone	  in	  atmosphere	  “discovered”	  by	  measurement	  of	  
cutoff	  of	  solar	  spectrum	  in	  UV	  (Cornú	  1879,	  Hartley	  1881)	  

o  Ozone	  determined	  to	  be	  a	  layer	  at	  high	  al=tude	  (in	  
stratosphere)	  (StruT	  [Rayleigh]	  1917)	  

o  Ozone	  column	  amount	  quan=ta=vely	  measured	  by	  UV	  
absorp=on	  (Fabry	  and	  Buisson	  1919,	  Dobson	  1924)	  

o  First	  ozone	  theory	  by	  Chapman	  (1930)	  
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Historical	  Context	  

•  The	  ozone	  issue	  was	  first	  posited	  in	  terms	  of	  Supersonic	  
Transports	  (SSTs)	  impac=ng	  the	  atmosphere	  by	  Harold	  Johnston	  in	  
1971.	  	  

•  The	  “fluorocarbon-‐ozone”	  theory	  was	  put	  forward	  by	  Molina	  and	  
Rowland	  in	  1974	  

•  The	  nego=a=ons	  for	  the	  Montreal	  Protocol	  were	  begun	  in	  1985	  
and	  formulated	  into	  the	  protocol	  by	  1987	  

•  The	  ozone	  hole	  was	  discovered	  in	  1985	  and	  explained	  reasonably	  
well	  in	  1986	  

•  Measurements	  showing	  an=-‐correla=on	  of	  chlorine	  and	  ozone	  in	  
the	  Antarc=c	  vortex	  were	  made	  in	  1987	  

•  How	  was	  so	  much	  discovered	  and	  explained	  in	  such	  a	  short	  =me	  
(16	  years)?	  
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Some	  Chemistry	  History	  

Molina	  and	  Rowland	  
proposed	  that	  stratospheric	  
ozone	  could	  be	  destroyed	  by	  
chlorine	  released	  in	  the	  
stratosphere	  from	  CFCs	  in	  
1974	  

Early	  work:	  study	  of	  ozone	  photochemistry	  in	  the	  
laboratory	  

Fritz	  Weigert	  (1907)	  noted	  that	  addi=on	  of	  Chlorine	  
(Cl2)	  sped	  up	  rate	  of	  ozone	  recombina=on	  –	  work	  was	  
contemporary	  with	  early	  work	  on	  photosynthesis	  and	  
on	  the	  photoelectric	  effect	  

Norrish	  and	  Porter	  –	  Nobel	  prize	  in	  chemistry	  
1967	  for	  techniques	  to	  detect	  small	  
concentra=ons	  of	  short-‐lived	  radicals	  

Sydney	  Chapman	  
proposed	  the	  first	  ozone	  
theory	  for	  the	  
stratosphere	  in	  1930	  

Paul	  Crutzen,	  in	  1970,	  
developed	  the	  early	  
theory	  of	  the	  cataly=c	  
impact	  of	  nitrogen	  and	  
hydrogen	  oxides	  on	  
stratospheric	  ozone	  

Harold	  Johnston,	  in	  1971,	  
suggested	  that	  nitrogen	  
oxides	  from	  proposed	  SSTs	  
could	  deplete	  stratospheric	  
ozone	  –	  CIAP	  program	  
followed	  
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H.	  J.	  Schumacher	  and	  the	  Ozone	  
Chemical	  Mechanism	  

Schumacher,	  H.	  J.	  (1930),	  The	  mechanism	  of	  the	  
photochemical	  decomposi=on	  of	  ozone,	  Journal	  of	  
the	  American	  Chemical	  Society,	  52(6),	  2377–2391.	  

Before:	  excited	  
ozone	  molecules	  

ABer:	  oxygen	  atoms	  
from	  photodissociaEon	  
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Ozone	  Photochemistry	  
Odd	  Oxygen	  (O	  atoms	  +	  O3	  molecules)	  

Ini=a=on:	  	  	  	  	  	  	  	  	  	  	  	  	  	  hν	  +	  O2	  -‐-‐-‐>	  O	  +	  O	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (λ	  <	  240	  nm)	  	  

Propaga=on:	  	  	  	  	  	  	  	  O	  +	  O2	  +	  M	  -‐-‐-‐>	  O3	  +	  M	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  hν	  +	  O3	  -‐-‐-‐>	  O2	  +	  O	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (200	  nm	  <	  λ	  <	  300	  nm)	  

Termina=on:	  	  	  	  	  	  	  	  O	  +	  O3	  -‐-‐-‐>	  O2	  +	  O2	  

Chapman	  Theory	  1930	  

Sydney	  Chapman	  

Ozone	  is	  con=nuously	  being	  made	  and	  destroyed	  in	  the	  atmosphere	  
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Catalysis	  Accelerates	  	  
Termina=on	  Reac=on	  

Hydrogen	  oxides,	  Nitrogen	  oxides	  

Chlorine	  oxides,	  Bromine	  oxides	  

	  	  	  Example:	  Chlorine	  

Cl	  +	  O3	  -‐-‐-‐>	  ClO	  +	  O2	  	  	  	  	  	  	  	  	  	  

ClO	  +	  O	  -‐-‐-‐>	  Cl	  +	  O2	  

-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  
O	  +	  O3	  -‐-‐-‐>	  O2	  +	  O2	  	  	  	  net	  

Fritz	  Weigert	  first	  
studied	  the	  impact	  of	  
chlorine	  on	  ozone	  
decomposi=on	  his	  
laboratory	  in	  1907	  
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Early	  Synthesis	  of	  CFCs	  

Thomas	  Midgley,	  Jr	  

1930:	  GM	  charged	  Midgley	  with	  developing	  a	  non-‐toxic	  and	  safe	  
refrigerant	  for	  household	  appliances.	  He	  (along	  with	  Charles	  
KeOering)	  synthesized	  dichlorodifluoromethane	  (CHCl2F).	  CFCs	  
replaced	  sulfur	  dioxide,	  methyl	  chloride	  or	  ammonia	  gases	  (toxic	  
or	  explosive	  substances)	  previously	  used	  in	  heat	  pumps	  and	  
refrigerators.	  

Frederic	  Swarts	  

Belgian	  chemist:	  (1866	  -‐1940).	  Swarts	  was	  one	  of	  only	  about	  a	  
half	  dozen	  fluorine	  chemists	  in	  the	  world	  in	  the	  late	  part	  of	  the	  
19th	  century;	  he	  prepared	  the	  first	  chlorofluorocarbon,	  CFC-‐11	  in	  
the	  early	  1890s.	  

SbF3Br2	  +	  CCl4	  ➔	  CFCl3	  (CFC-‐11)	  +	  SbF2Br2Cl	  
CCl4	  synthesized	  in	  
1839	  by	  Regnault	  
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The	  Curious	  Case	  
of	  Thomas	  
Midgley	  

•  Came	  up	  with	  CFCs	  as	  a	  
replacement	  for	  dangerous	  
chemical	  in	  refrigerators,	  e.g.	  
ammonia,	  sulfur	  dioxide	  

•  Midgley	  also	  synthesized	  
tetraethyl	  lead	  to	  reduce	  
knocking	  in	  auto	  engines	  

Midgley	  became	  ill	  with	  
polio	  and	  invented	  a	  
mechanical	  bed	  to	  assist	  
him:	  but	  he	  died	  of	  his	  
own	  inven=on	  when	  he	  
became	  entangled	  in	  the	  
pulleys	  and	  strangled	  
himself	  !	  
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Stratospheric	  Meteorology,	  Dynamics,	  and	  Ozone	  

Léon	  Teisserenc	  de	  
Bort	  discovers	  the	  
stratosphere	  –	  a	  
layer	  in	  which	  
temperature	  no	  
longer	  decreases	  
with	  al=tude	  

Brewer-‐Dobson	  
Circula=on	  (1951)helps	  
explain	  water	  vapor	  
and	  ozone	  
distribu=ons	  in	  the	  
stratosphere	  

Unique	  nature	  of	  
Antarc=c	  vortex	  is	  
revealed	  during	  the	  
IGY	  1957-‐8	  

Polar	  Stratospheric	  Clouds	  are	  shown	  to	  
be	  a	  ubiquitous	  feature	  of	  the	  winter	  
Antarc=c	  stratosphere	  

Dobson	  summarizes	  
(1966)	  ozone	  
measurements	  of	  IGY	  
showing	  clear	  
difference	  between	  
Antarc=c	  and	  Arc=c	  
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How	  did	  we	  get	  involved	  personally	  in	  
chlorine	  chemistry	  in	  the	  atmosphere?	  

Stedman,	  circa	  1972:	  
“Chlorine	  destroys	  ozone;	  
everybody	  knows	  that!”	  
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How	  did	  we	  come	  to	  know	  about	  the	  
importance	  of	  CFCs?	  
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The	  informa=on	  was	  out	  there	  for	  people	  like	  us	  to	  have	  put	  
forward	  the	  fluorocarbon-‐ozone	  theory	  –	  but	  we	  didn’t!	  

Lovelock	  et	  al.	  Nature,	  1973	  

Jim	  Walker	  
“What	  about	  
Carbon	  tet?”	  

Chuck	  Kolb	  (to	  me),	  November	  1973	  
“Have	  you	  ever	  thought	  about	  Freons?	  	  
They	  are	  inert	  in	  the	  troposphere,	  not	  
soluble	  and	  don’t	  absorb	  visible	  light.	  	  
They	  will	  get	  up	  into	  the	  stratosphere	  
where	  uv	  will	  produce	  chlorine.”	  
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Rowland	  heard	  a	  talk	  by	  Lovelock	  –	  his	  notes	  
below	  were	  the	  basis	  for	  studies	  by	  his	  new	  

post-‐doc,	  Mario	  Molina	  
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Ozone	  Hole	  Discovery	  

Farman,	  Gardiner,	  &	  Shanklin	  (1985)	  

Discovered	  at	  the	  Bri=sh	  
Antarc=c	  Survey	  sta=on	  at	  
Halley	  Bay	  from	  
measurements	  begun	  during	  
the	  IGY	  

Original	  TOMS	  ozone	  hole	  map	  
produced	  by	  Don	  Heath	  and	  PK	  
Bhar=a	  in	  1985	  
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Figures	  from	  our	  1986	  Nature	  paper	  on	  the	  ozone	  hole	  
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Figures	  from	  our	  1986	  Nature	  paper	  on	  the	  ozone	  hole	  

What	  about	  the	  theory	  of	  the	  ozone	  hole?	  
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Variety	  of	  Ini=al	  Theories	  of	  the	  Ozone	  Hole	  

o  Chlorine	  chemistry	  

o  Dynamics	  –	  was	  ozone	  just	  moved	  around	  by	  wave	  
mo=ons	  but	  conserved	  over	  the	  en=re	  polar	  region?	  	  
No,	  there	  was	  a	  net	  decrease.	  

o  Solar	  Cycle	  –	  NOx	  chemistry	  varia=ons	  induced	  by	  solar	  
cycle-‐	  required	  N2O	  change	  that	  was	  not	  observed.	  

o  Other?	  
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Feldafing	  Workshop,	  June	  1984	  

Sherry	  Rowland:	  “Missing	  Chemistry”	  

–  Don’t	  need	  to	  worry	  about	  fast	  channels	  
–  What	  if	  one	  reservoir	  molecule	  reacted	  with	  another,	  e.g.	  ClONO2	  

and	  HCl?	  

–  Molina	  (and	  Sato	  and	  Rowland	  independently)	  had	  been	  studying	  
this	  reac=on	  in	  the	  lab	  

–  They	  found	  a	  small,	  but	  measureable	  rate	  coefficient	  

–  Inserted	  into	  a	  model,	  the	  reac=on	  implied	  that	  30%	  of	  the	  global	  
amount	  of	  ozone	  should	  have	  already	  disappeared	  

–  Later	  reported	  that	  reac=on	  was	  occurring	  on	  teflon	  walls	  of	  the	  
experiment	  

The	  raEonale	  for	  the	  scope	  of	  the	  present	  assessment	  report	  was	  
based	  on	  informaEon	  gained	  at	  a	  scienEfic	  workshop,	  enEtled	  "Current	  
Issues	  in	  Our	  Understanding	  of	  the	  Stratosphere	  and	  the	  Future	  of	  the	  
Ozone	  Layer"	  which	  was	  held	  in	  Feldafing,	  Federal	  Republic	  of	  
Germany	  in	  June	  1984	  with	  internaEonal	  parEcipaEon,	  co-‐sponsored	  
by	  NASA,	  FAA,	  WMO,	  and	  BMFT.	  	  



Stolarski	  3/29/2013	  Lamont-‐Doherty	  

Chlorine	  Photochemistry	  (normal)	  

Cl	  

ClO	  

HCl	  

ClNO3	  

AcEve	  
Chlorine	  
<	  0.5%	  

Chlorine	  
Reservoirs	  
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Polar	  Stratospheric	  Clouds	  (PSCs)	  
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Cl	  

ClO	  

HCl	  

ClNO3	  

PSC	  

Chlorine	  Photochemistry	  (polar)	  

PSC	  ReacEons	  
Drain	  

Chlorine	  
Reservoirs	  

AcEve	  
Chlorine	  
Increases	  

By	  50	  to	  100x	  
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This	  s=ll	  did	  not	  make	  ozone	  go	  away	  fast	  
enough	  to	  explain	  the	  ozone	  hole	  

•  Cl	  +	  O3	  	  ClO	  +	  O2	  (x2)	  

•  ClO	  +	  ClO	  	  2Cl	  +	  O2	  

-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

net:	  2O3	  	  3O2	  	  

without	  involvement	  of	  atomic	  oxygen	  
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“Smoking	  Gun	  Slide”	  
Quickly	  demonstrated	  that	  the	  chlorine	  theory	  of	  the	  ozone	  

hole	  was	  the	  correct	  theory	  
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What	  is	  significant	  about	  the	  Montreal	  protocol?	  

o  “Living”	  protocol:	  provision	  for	  updates	  

o  Fund	  for	  developing	  countries	  to	  offset	  cost	  of	  
poten=ally	  more	  expensive	  alterna=ves	  

o  Par=cipa=on	  of	  scien=sts,	  government	  officials,	  
industry,	  and	  environmental	  organiza=ons	  

o  Based	  on	  scien=fic	  assessments	  from	  3	  panels	  

–  Scien=fic	  Assessment	  Panel	  (SAP)	  

–  Environmental	  Effects	  Assessment	  Panel	  
(EEAP)	  

–  Technology	  and	  Economic	  Assessment	  Panel	  
(TEAP)	  

Richard	  Benedick	  was	  the	  
chief	  US	  nego=ator	  for	  the	  

Protocol	  
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The	  Montreal	  Protocol	  
History	  

o  March,	  1985:	  Vienna	  Conven=on	  
for	  Protec=on	  of	  the	  Ozone	  Layer	  

o  Sept	  16,	  1987:	  opened	  for	  
signature	  

o  Jan	  1,	  1989:	  entered	  into	  force	  

o  May,	  1989:	  first	  mee=ng	  of	  the	  
par=es	  

Revisions	  or	  Amendments	  

o  1990	  London	  
o  1992	  Copenhagen	  
o  1997	  Montreal	  
o  1999	  Beijing	  
o  2007	  Montreal	  
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Interna=onal	  Ozone	  Assessments	  

2010 2000 1990 1980 
WMO	  World	  Plan	  of	  AcEon	  on	  the	  Ozone	  Layer	  -‐	  1977	  

Safeguarding	  the	  Ozone	  Layer	  and	  the	  Global	  
Climate	  System:	  2005	  (IPCC/TEAP)	  

WMO	  Atmospheric	  
Ozone	  -‐	  1985	  

Scien=fic	  Assessment	  of	  Ozone	  Deple=on:	  
1989,	  1991,	  1994,	  1998,	  2002,	  2006,	  2010	  (WMO/UNEP)	  WMO	  The	  Stratosphere	  1981:	  

Theory	  and	  Measurements	  

WMO	  Report	  of	  the	  Interna=onal	  
Ozone	  Trends	  Panel	  –	  1988	  

Other	  NASA	  and	  ClimaEc	  
Impact	  Assessment	  Program	  
(CIAP)	  reports	  prior	  to	  1981	  
were	  primarily	  performed	  in	  

the	  USA	  
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An	  aside	  on	  giving	  talks	  on	  hot	  issues	  such	  as	  
the	  fluorocarbon-‐ozone	  issue	  was	  at	  one	  =me	  

o  You	  are	  an	  expert	  on	  science:	  separate	  your	  science	  
from	  any	  opinions	  on	  what	  should	  be	  done	  by	  society.	  

o  There	  are	  no	  dumb	  ques=ons:	  Even	  if	  you	  have	  heard	  a	  
ques=on	  a	  thousand	  =mes,	  respect	  the	  ques=oner.	  

o  Be	  prepared:	  you	  know	  the	  standard	  ques=ons	  so	  you	  
should	  have	  a	  prepared	  approach	  to	  these.	  

o  If	  you	  don’t	  know	  the	  answer,	  say	  so.	  
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Comments	  on	  the	  Future	  of	  Stratospheric	  Ozone	  

•  Chlorine	  is	  being	  removed	  from	  the	  atmosphere	  as	  the	  
Montreal	  Protocol	  limits	  CFC	  and	  HCFC	  produc=on	  

•  Ozone	  should	  recover,	  but	  not	  to	  the	  same	  levels	  because	  of	  
the	  changes	  in	  greenhouse	  gases	  that	  also	  impact	  ozone	  

•  Future	  amounts	  of	  ozone	  will	  be	  controlled	  by	  nitrous	  oxide	  
(N2O)	  and	  carbon	  dioxide	  (CO2)	  
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We	  put	  these	  together	  into	  an	  “Equivalent	  Effec=ve	  
Stratospheric	  Chlorine”	  or	  EESC	  

Year	  
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The	  Post-‐CFC	  Ozone	  Layer	  
	  What	  will	  the	  stratospheric	  ozone	  layer	  look	  like	  a{er	  CFCs	  have	  been	  removed?	  

o  Greenhouse	  gases	  cool	  
the	  stratosphere	  

o  Cooling	  slows	  ozone	  
loss	  in	  upper	  
stratosphere	  leading	  to	  
ozone	  increase	  

o  Lower	  stratospheric	  
circula=on	  speeds	  up	  
leading	  to	  tropical	  
ozone	  decrease	  and	  
mid-‐la=tude	  ozone	  
increase	  

Net	  result	  is	  a	  column	  
ozone	  increase	  at	  mid	  to	  
high	  la=tudes	  and	  almost	  
no	  change	  near	  the	  
equator	  

Results	  from	  the	  GEOS	  CCM	  
2065-‐1980	  
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What	  about	  N2O?	  

•  N2O	  is	  the	  source	  of	  NOy	  that	  can	  cataly=cally	  
destroy	  ozone	  

•  Several	  papers	  have	  claimed	  that	  increasing	  
N2O	  is	  an	  existen=al	  threat	  to	  the	  ozone	  layer	  

•  The	  situa=on	  is	  a	  bit	  more	  complex	  
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N	  

NO	  

NO2	  

HNO3	  

N2	  

KN+O2	  =	  1.5	  X10-‐11	  EXP(-‐3600/T)	  

NOy 

hν	   O2	  

N	  atoms,	  formed	  by	  photolysis	  of	  
NO,	  can	  either	  reform	  NO	  or	  can	  
react	  with	  NO	  to	  remove	  NOy	  

The	  branching	  ra=o	  is	  strongly	  
temperature	  dependent:	  low	  
temperatures	  	  more	  NOy	  loss	  

34 

N2O	  

O1D	  
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The	  evolu=on	  of	  stratospheric	  NOy	  

•  Depends	  on	  the	  rela=ve	  change	  of	  N2O	  and	  CO2	  in	  the	  future	  

•  A1b	  scenario	  leads	  to	  leads	  to	  constant	  future	  NOy	  
•  A2	  scenario	  leads	  to	  increasing	  NOy	  
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Ozone	  Scenarios	  

•  Chlorine	  dominates	  ozone	  
change	  

•  Amount	  of	  global	  “super-‐
recovery”	  depends	  on	  
rela=ve	  scenario	  for	  N2O	  
and	  CO2	  change	  
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Final	  thoughts	  

o  Details	  are	  important,	  but	  if	  you	  don’t	  try	  to	  step	  
back	  and	  see	  the	  big	  picture	  you	  can	  waste	  a	  lot	  of	  
=me	  on	  the	  wrong	  details	  

o  Opportuni=es	  abound:	  will	  you	  recognize	  them?	  	  Will	  
you	  follow	  up	  on	  them?	  	  Or	  will	  you	  just	  let	  them	  
pass	  by?	  

o  Ideas	  are	  cheap	  –	  Selec=on	  of	  good	  ones	  and	  follow	  
through	  on	  them	  is	  what	  counts.	  


