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Ross Salawitch    

Lecture 15
2 April 2024

Mid-Latitude Stratospheric Chemistry

AOSC/CHEM 433 & AOSC/CHEM 633

Today: 
•  Background on CFCs
•  Ozone Depletion Potenial
•  Importance of how a chemical cycle is completed wrt odd-oxygen loss
•  Role of halogens and aerosol loading on mid-latitude ozone
•  Connection to recent research      

Class Web Sites: 
 http://www2.atmos.umd.edu/~rjs/class/spr2024  
 https://umd.instructure.com/courses/1358887    

http://www2.atmos.umd.edu/%7Erjs/class/spr2024
https://umd.instructure.com/courses/1358887


Copyright © 2024 University of Maryland. 
This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch. 2

Motivation For Today
Total Column Ozone not recovering as fast as “expected”, particularly in NH mid-latitudes  

Fig 3-7, WMO/UNEP Twenty QAs Ozone
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Motivation For Today
Current Trajectory of Stratospheric Halogens also not recovering as fast as

had once been projected (Montreal 2007 line)

Fig Q14-1, WMO/UNEP Twenty QAs Ozone

Nonetheless, the Montreal Protocol has been a huge success and
has prevented a runaway increase in skin cancer cases
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Montreal Protocol and Various Amendments
Have Banned Industrial Production of CFCs and Halons

Global Production of CFCs, Fig. 2.19, Chemistry in Context

https://www.nature.com/articles/d41586-020-00110-8 

https://www.nature.com/articles/d41586-020-00110-8
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Montreal Protocol and Various Amendments
Have Banned Industrial Production of CFCs and Halons

Global Emissions of all CFCs, Fig Q0-1, WMO/UNEP Twenty QAs Ozone

Why was the introduction of Freon-12 as a refrigerant gas in the 1930s hailed as a great triumph?

What was the dire unintended consequence of the introduction of Freon-12?
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Chlorine (left) & Bromine (right) Source Gases
Entering the Stratosphere

Fig Q6-1, WMO/UNEP Twenty QAs Ozone
https://csl.noaa.gov/assessments/ozone/2022/downloads/Chapter1_2022OzoneAssessment.pdf 

https://csl.noaa.gov/assessments/ozone/2022/downloads/Chapter1_2022OzoneAssessment.pdf


Copyright © 2024 University of Maryland. 
This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch. 7

Ozone Depletion Potential and Halocarbons
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Ozone Depletion
According to Section 2.8 of Chemistry in Context, how much depletion of stratospheric ozone at 
mid-latitudes (60°S to 60°N) has occurred?

According to the Question 12 of the WMO/UNEP QAs, how much depletion of the Global Total Ozone 
layer has occurred?

Also, state whether you are either "good" or "concerned" with the different estimates for depletion of 
the ozone layer given in Question 12 of the WMO/UNEP QAs, compared to Section 28 of Chemistry in 
Context (i.e, your answer to the prior question).

Fig Q12-2, WMO/UNEP Twenty QAs OzoneFig Q12-1, WMO/UNEP Twenty QAs Ozone
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Multiple Linear Regression Inputs and Outputs

Inputs

Outputs

McBride et al., Manuscript In Preparation, 2024

Fig Q13-1, WMO/UNEP Twenty QAs Ozone



Copyright © 2024 University of Maryland. 
This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch. 10

Quasi-Biennial Oscillation of Stratospheric Winds

https://acd-ext.gsfc.nasa.gov/Data_services/met/qbo/qbo.html 

Direction and speed of equatorial, horizontal wind

https://acd-ext.gsfc.nasa.gov/Data_services/met/qbo/qbo.html
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Chapman Chemistry

1 2
3 2

3 4

3/2J[O ] = [M]
J O

k f
k

1/2
  

          

[O3] falls off with increasing altitude (high in stratosphere), at a rate determined by [M]3/  2, because:

[O3] falls off with decreasing altitude (low in stratosphere) due to a rapid drop in J1, reflecting:

Observed [O3]  < Chapman [O3] :  why ?!? Lecture 10
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Stratospheric Photochemistry: Odd Oxygen Loss By Families

Calculated fraction of odd oxygen loss due to various families of radicals 

        After Osterman et al., GRL, 24, 1107, 1997;
                  Sen et al., JGR, 103, 3571. 1998;
                  Sen et al., JGR, 104, 26653, 1999.

Lecture 9
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HOx : OH and HO2

OH and HO2 are central to stratospheric and tropospheric photochemistry

OH HO2

O3

NO

Production : O1D + H2O → OH + OH
                         O1D + CH4 → OH +CH3

Loss: OH + HO2 → H2O + O2

            OH + HNO3 → H2O + NO3

           

O3, O
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HOx : OH and HO2

OH HO2

O3

O3, O

NO

OH and HO2 are central to stratospheric and tropospheric photochemistry

Rapid inner cycle:

       HO2 formation: 
                     OH + O3  → HO2 + O2                    (1)
       HO2 loss:
   HO2 + NO → OH + NO2 (2)
           or   HO2 + O    → OH + O2 (3)
           or   HO2 + O3 → OH + O2 + O2 (4)
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HOx : OH and HO2

OH and HO2 are central to stratospheric and tropospheric photochemistry

Rapid inner cycle:

       HO2 formation: 
                     OH + O3  → HO2 + O2                 (1)
       HO2 loss:
   HO2 + NO → OH + NO2 (2)
           or   HO2 + O    → OH + O2 (3)
           or   HO2 + O3 → OH + O2 + O2 (4)

HO2 loss step (2):

                  OH + O3  → HO2 +O2
                 HO2 + NO → OH + NO2

       Net:     O3 + NO → O2 + NO2

This is followed quickly by:
                  NO2 + hν → NO + O

Yielding final “net”:
                             O3 →  O + O2 

Null cycle 
                  with respect to production &
                  loss of odd oxygen
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HOx : OH and HO2

OH and HO2 are central to stratospheric and tropospheric photochemistry

Rapid inner cycle:

       HO2 formation: 
                     OH + O3  → HO2 + O2              (1)
       HO2 loss:
   HO2 + NO → OH + NO2 (2)
           or   HO2 + O    → OH + O2 (3)
           or   HO2 + O3 → OH + O2 + O2 (4)

HO2 loss step (3):

                  OH + O3  → HO2 +O2
                 HO2 +  O → OH + O2

       Net:         O3 + O →  O2 + O2

Catalytic Ozone (Odd Oxygen) Loss Cycles 

HO2 loss step (4):

                  OH + O3  → HO2 +O2
                 HO2 +  O3 → OH + O2 + O2

       Net:     O3 + O3 → O2 + O2 + O2
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Odd Oxygen Loss - HOx

4 2 3 3
d Odd Oxygen) 2 [HO ][O ]

dt
k k 2

 (  
 = −      − 2  [ΗΟ ] [Ο] Eq (7)

The reactions:
                   HO2 + O → OH + O2 (3)
                   HO2 + O3 → OH + O2 + O2 (4)

are rate limiting steps for O3 loss by two catalytic cycles:

Cycle (1)  Net :
                     O3 + O → 2 O2

 Cycle (2)  Net : 
                     O3 + O3 → 3 O2

As a convenient short hand, we consider HO2 to be odd oxygen

Then:
          clear now that reactions (3) and (4) each consume two odd oxygens
          at rates determined by 2 k3 [HO2] [O]  and  2 k4 [HO2][O3]
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Odd Oxygen Loss - HOx

At what altitudes will loss of ozone by these rate limiting steps be dominant ?
                   HO2 + O → OH + O2 (3)
                   HO2 + O3 → OH + O2 + O2 (4)

One dominates at low altitude, the other at high altitude ⇒ which is which ?!?
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Odd Oxygen Loss - HOx

At what altitudes will loss of ozone by these rate limiting steps be dominant ?
                   HO2 + O → OH + O2 (3)
                   HO2 + O3 → OH + O2 + O2 (4)

One dominates at low altitude, the other at high altitude ⇒ which is which ?!?
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CH4 and Stratospheric Ozone

Computer models project stratospheric column O3 will increase as CH4 rises
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Stratospheric O3 difference in the 2090s found for a computer simulation run
 using CH4 from RCP 8.5 minus that of a simulation using CH4 from RCP 2.6

Revell et al., ACP, 2012

Rising CH4 leads to:
  a) ozone loss in the upper stratosphere by increasing the speed of OH and HO2 (HOx) mediated loss cycles.
  b) a cooler stratosphere, slowing the rate of all ozone loss cycles
  c) speeds up the rate of Cl+CH4, shifting chlorine from ClO into HCl (i.e., deactivates chlorine)
     d) more HO2 in the lowermost stratosphere where there is sufficient CO to result in O3 production by “smog chemistry”
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NOx : NO and NO2

NO and NO2 are central to stratospheric and tropospheric photochemistry

NO NO2

O3

hν

Final sinks : N + NO  → N2 + O (uppermost stratosphere)
                        HNO3 solubility & rainout (lowermost stratosphere)

O
N

Stratospheric Production : O1D + N2O → NO + NO
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NOx : NO and NO2

NO and NO2 are central to stratospheric and tropospheric photochemistry

Rapid inner cycle:

       NO2 formation: 
                     NO + O3  → NO2 + O2                    

 (1)
       NO2 loss:
   NO2 + hν → NO + O  (2)
           or   NO2 + O → NO + O2 (3)

NO2 loss step (2):

                  NO + O3  → NO2  + O2
                 NO2 + hν → NO + O

       Net:      O3 +  hν → O + O2

NO2 loss step (3):

                  NO + O3  → NO2  + O2
                  NO2 + O → NO + O2

       Net:     O3 +  O → 2 O2

3
3 2

dO dO d Odd Oxygen) [NO ][O]
dt dt dt

k (  
 +  =  = − 2    

Can show:

As a convenient short hand, we consider NO2 to be odd oxygen
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N2O and NOy
Loss of N2O occurs mainly in the stratosphere due to: 
         photolysis − main sink
         reaction with electronically excited O(1D) − minor sink

The minor sink for N2O loss has a path that results in “reactive nitrogen”:
        N2O + O(1D) → NO + NO
Reactive nitrogen (NOy) is crucial to stratospheric chemistry
       Oxides of nitrogen catalyze loss of stratospheric O3 & participate in a series of
        chemical reactions that affect partitioning of hydrogen and chlorine radicals, etc.

Minschwaner, Salawitch, and McElroy, JGR, 1993

Lecture 6
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N2O and Stratospheric Ozone

Computer models project stratospheric column O3 will decline as N2O rises
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Stratospheric O3 difference in the 2090s found for a computer simulation run
 using N2O from RCP 8.5 minus that of a simulation using N2O from RCP 2.6

Revell et al., ACP, 2012

Rising N2O leads to:
  a) ozone loss in the middle & upper stratosphere by increasing the speed of NO and NO2 (NOx) mediated loss cycles.

  b) speeds up the rate of OH+NO2+M→HNO3+M & ClO+NO2+M→ ClNO3+M in the lowermost stratosphere,
       leading to slower ozone loss by these cycles & therefore more O3 where these cycles dominate total loss of O3

Lecture 6
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ClOx : ClO and Cl
ClO is central to stratospheric photochemistry, at mid-latitudes and polar regions

O3

Production : CFCs  +hν→  Inorganic chlorine

Final sinks : HCl solubility & rainout (lowermost stratosphere)

Cl ClONO

O
CH4
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ClOx : ClO and Cl

Rapid inner cycle:

       ClO formation: 
                     Cl + O3  → ClO+ O2                    

 (1)
       ClO loss:
 ClO + NO → Cl + NO2 (2)
           or    ClO + O → Cl + O2  (3)

3
3

dO dO d Odd Oxygen) [ClO][O]
dt dt dt

k (  
 +  =  = − 2    

Can show:

As a convenient short hand, we consider ClO to be odd oxygen

ClO is central to stratospheric photochemistry, at mid-latitudes and polar regions:

ClO loss step (2):

                    Cl + O3  →  ClO  + O2
                 ClO +  NO →  Cl + NO2

       Net:      O3 +  NO →  NO2 + O2

ClO loss step (3):

                  Cl + O3  →  ClO  + O2
                  ClO + O →   Cl + O2

       Net:     O3 +  O → 2 O2

Followed by:    NO2 + hν → NO + O

Final net:          O3 + hν   →  O + O2
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Proof Halocarbons Reach The Stratosphere

Fig Q7-2, WMO/UNEP Twenty QAs Ozone
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Proof Halocarbons Reach The Stratosphere

Fig Q7-2, WMO/UNEP Twenty QAs Ozone
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Trends in Ozone, ~40 km
Line: range of model calculations,

          where models are forced by
          changing levels of stratospheric halogens

Fig 3-9, WMO/UNEP Ozone Report
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Multiple Linear Regression Inputs and Outputs

Inputs

Outputs

Fig Q13-1, WMO/UNEP Twenty QAs Ozone
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Cl ClONO

O

Heterogeneous Chemistry

HCl

ClNO3

CH4
NO2

hν, OH

O, OH, hν 

O3

Chemical reaction on surface of volcanic aerosol couples NO2 and HNO3

          • As sulfate aerosol rises, NOx (NO and NO2) falls 
          • As NO2 drops, ClNO3 falls and ClO rises

• Big Dogs in Chlorine Family: HCl & ClNO3
• Small Bog, Big Bite (for O3): ClO
• When lots of NOx is present, [ClO] / [ClNO3] suppressed by ClO+NO2+M
• When a major volcanic eruption occurs, heterogeneous reaction
         N2O5+H2O(sulfate aerosol) → 2 HNO3 , sequestering NOx
• Once NOx is sequestered, Small Dog with Big Bite (ClO) is free
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Response of Stratospheric Constituents to Mount Pinatubo:
aka The Rise (ClO) and Fall (NO2) of Radicals 

NO2

ClO
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Heterogeneous Chemistry

Salawitch et al., GRL, 2005

Abundance of stratospheric ozone responds to:
        a) rise and fall of chlorine
        b) volcanic perturbations to aerosol loading
        c) measured & modeled ozone column anomaly (deviation from mean)
            simulated quite after June 1991 eruption of Mount Pinatubo, particularly in NH
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Montreal Protocol and Various Amendments
Have Banned Industrial Production of CFCs and Halons

Global Production of CFCs, Fig. 2.19, Chemistry in Context

https://www.nature.com/articles/d41586-020-00110-8 

https://www.nature.com/articles/d41586-020-00110-8
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Montreal Protocol Had Banned Most
Industrial Production of CFCs & Other ODS

https://www.nytimes.com/2018/06/24/world/asia/china-ozone-cfc.html 

https://www.nytimes.com/2018/06/24/world/asia/china-ozone-cfc.html
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CFC-11 Emissions Update

36

Fig ES-3, 2022 WMO/UNEP Scientific Assessment of Ozone Depletion Executive Summary
https://csl.noaa.gov/assessments/ozone/2022/downloads/executivesummary.pdf 

Major drop in 2019 & 2020
hailed as “good news” 

https://csl.noaa.gov/assessments/ozone/2022/downloads/executivesummary.pdf
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Very-Short Lived (VSL) Chlorine

37

Fig 1-8, 2022 WMO/UNEP Scientific Assessment of Ozone Depletion Report
https://csl.noaa.gov/assessments/ozone/2022/downloads/Chapter1_2022OzoneAssessment.pdf 

These gases, all mainly anthropogenic, 
have lifetimes for atmospheric removal of 
less than 6 months and are not controlled 

by the Montreal Protocol. 

https://csl.noaa.gov/assessments/ozone/2022/downloads/Chapter1_2022OzoneAssessment.pdf
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Very-Short Lived Chlorine

38
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Argh, “Long-Lived” Chlorine Not Declining As Fast As We Had Projected

CH3Cl from natural sources 

Chlorine content at surface,
all long-lived halocarbons

2018 WMO Scientific Assessment of Ozone Depletion Report:
https://www.esrl.noaa.gov/csd/assessments/ozone/2018

Apr 2024

https://www.esrl.noaa.gov/csd/assessments/ozone/2018
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Argh, “Long-Lived” Chlorine Not Declining As Fast As We Had Projected

CH3Cl from natural sources 

Chlorine content at surface,
all long-lived halocarbons

Apr 2024

2022 WMO Scientific Assessment of Ozone Depletion Report:
https://www.esrl.noaa.gov/csd/assessments/ozone/2022

https://www.esrl.noaa.gov/csd/assessments/ozone/2022
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Argh, “Long-Lived” Chlorine Not Declining As Fast As We Had Projected

https://ams.confex.com/ams/104ANNUAL/meetingapp.cgi/Session/67035 

https://ams.confex.com/ams/104ANNUAL/meetingapp.cgi/Session/67035
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