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Biogeochemical	
  Cycling	
  of	
  
Elements	
  and	
  Stratospheric	
  

Ozone	
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Con=nuity	
  Equa=on	
  Including	
  Cataly=c	
  Losses	
  

In	
  steady	
  state	
  d[Ox]/dt	
  =0	
  

d[Ox]

dt
= POx � (lOx + lHOx + lNOx + lClOx) · [O3]

[O3] =
POx

(lOx + lHOx + lNOx + lClOx)

where	
  lClOx	
  is	
  

lClOx = kO,ClO · [O]

[O3]
· [ClO]

[Cly]
· [Cly]
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Total	
  Column	
  Thickness	
  of	
  the	
  Ozone	
  Layer	
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Discovery	
  of	
  the	
  Ozone	
  Hole:	
  Long-­‐Term	
  Ozone	
  
Measurements	
  from	
  Halley	
  Bay,	
  Antarc=ca	
  

Halley	
  Bay	
  Sta=on	
  set	
  up	
  during	
  the	
  IGY	
  (1957)	
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Timeline:	
  <	
  3	
  yrs	
  
1985:	
  Antarc=c	
  ozone	
  hole	
  discovered	
  by	
  

Bri=sh	
  Antarc=c	
  Survey	
  

1986:	
  Antarc=c	
  ozone	
  hole	
  mapped	
  by	
  
TOMS/SBUV	
  satellite	
  instruments	
  

1986:	
  Three	
  theories	
  of	
  ozone	
  hole	
  
published	
  

1986:	
  NOZE	
  ground-­‐based	
  expedi=on	
  to	
  
McMurdo,	
  Antarc=ca	
  

1987:	
  Balloon	
  measurements	
  at	
  McMurdo	
  
show	
  ver=cal	
  structure	
  of	
  ozone	
  hole	
  

1987:	
  Airborne	
  Antarc=c	
  Ozone	
  Expedi=on	
  
(AAOE)	
  flown	
  out	
  of	
  Punta	
  Arenas,	
  
Chile	
  –	
  produces	
  “smoking	
  gun”	
  graph	
  
clearly	
  showing	
  ozone	
  loss	
  in	
  response	
  
to	
  chlorine	
  increase	
  

 

O3

ClO

O
   

M
ix

in
g 

Ra
tio

 (p
pb

v)
3

Latitude
62 64 66 68 70 72

3000

1000

2000

16 September



Atmospheric	
  Chemistry	
  Lecture	
  11	
  

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	
  

•  Chlorine	
  chemistry	
  

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

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

•  Other?	
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There	
  were	
  alterna=ve	
  theories	
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Basic	
  Mechanism	
  for	
  Antarc=c/Arc=c	
  Ozone	
  Loss	
  

Cl	
  

ClO	
  

HCl	
  

ClNO3	
  

Ac=ve	
  Chlorine	
  
Cataly=c	
  Cycle	
  	
  
for	
  Ozone	
  Loss	
  

Reservoir	
  Chlorine	
  
Temporary	
  Storage	
  	
  
(~days	
  to	
  weeks)	
  

“Normal”	
  Atmosphere	
  	
  
(<1%)	
  

“Normal”	
  Atmosphere	
  	
  
(>99%)	
  



Atmospheric	
  Chemistry	
  Lecture	
  11	
  

Basic	
  Mechanism	
  for	
  Antarc=c/Arc=c	
  Ozone	
  Loss	
  

Cl	
  

ClO	
  

HCl	
  

ClNO3	
  

Ac=ve	
  Chlorine	
  
Cataly=c	
  Cycle	
  	
  
for	
  Ozone	
  Loss	
  

Reservoir	
  Chlorine	
  
Temporary	
  Storage	
  	
  
(~days	
  to	
  weeks)	
  

Polar	
  Winter	
  Atmosphere	
  
	
  (>50%)	
  

Polar	
  Winter	
  Atmosphere	
  	
  
(<50%)	
  

Reac=ons	
  

on	
  PSCs	
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Arc=c/Antarc=c	
  Contrast	
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Note	
  wide	
  range	
  of	
  year-­‐to-­‐year	
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  temperatures	
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minimum	
  temperatures	
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Cold	
  Arc=c	
  Winters	
  	
  Low	
  Spring=me	
  Ozone	
  
Warm	
  Arc=c	
  Winters	
  	
  High	
  Spring=me	
  Ozone	
  

50-90oN Minimum Temperature
50 hPa   MERRA

  
180

190

200

210

220

230

K

            

            

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Min
10%

30%

Mean

70%

90%
Max

1978-2009

Type I PSC

HNO
3
 = 6 ppbv, H

2
O = 4.5 ppmv

Type II PSC

P. Newman (NASA), E. Nash (SSAI), S. Pawson (NASA)

2010-2011

50-90oN Minimum Temperature
50 hPa   MERRA

  
180

190

200

210

220

230
K

            

            

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Min
10%

30%

Mean

70%

90%
Max

1978-2010

Type I PSC

HNO
3
 = 6 ppbv, H

2
O = 4.5 ppmv

Type II PSC

P. Newman (NASA), E. Nash (SSAI), S. Pawson (NASA)

1996-1997
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1987-1988

Winter	
  2010-­‐2011	
  
Very	
  cold	
  	
  Low	
  ozone	
  

Winter	
  1996-­‐1997	
  
Also	
  cold	
  	
  Low	
  ozone	
  

Winter	
  1987-­‐1988	
  
Warm	
  	
  High	
  ozone	
  

March	
  15	
  
2011	
  

March	
  15	
  
1997	
  

March	
  15	
  
1988	
  

hlp://ozoneaq.gsfc.nasa.gov	
  
hlp://acdb-­‐ext.gsfc.nasa.gov/

Data_services/met/ann_data.html	
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We	
  now	
  measure	
  ozone	
  and	
  the	
  
chemicals	
  that	
  affect	
  ozone	
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Summary	
  

•  Antarc=c	
  Ozone	
  Hole:	
  
–  Cooling	
  during	
  polar	
  night,	
  stable	
  vortex	
  
–  Conversion	
  of	
  chlorine	
  on	
  polar	
  stratospheric	
  clouds	
  
–  Rapid	
  ozone	
  loss	
  when	
  sun	
  comes	
  up	
  

•  Arc=c	
  Ozone	
  
–  More	
  disturbed	
  vortex	
  because	
  of	
  land	
  mass	
  distribu=on	
  

–  Same	
  chemical	
  processes	
  occurring	
  

–  Ozone	
  loss	
  limited	
  by	
  vortex	
  breakup	
  

•  Arc=c	
  variability	
  
–  Large	
  year-­‐to-­‐year	
  variability	
  
–  Cannot	
  predict	
  year-­‐to-­‐year	
  variability	
  
–  Coupling	
  to	
  stratospheric	
  and	
  tropospheric	
  climate	
  uncertain	
  	
  


