
Elucidation of the Origins of 
Stratospheric Sulfate Aerosols by 

Isotopic Methods 
 

  
Thesis by 

 
Fok-Yan Thomas Leung 

 
 
 
 
 

In partial fulfillment of the requirements 
for the Degree of 

Doctor of Philosophy 
 
 
 
 

 
 

California Institute of Technology 
Pasadena California 

2003 



 ii

Acknowledgements 
 
Special thanks to Dr. A. J. Colussi, my collaborator in many of these projects, and 
without whom I could not have completed this work.  A.J. showed me how to develop a 
coherent thesis, and imparted to me a small part of his great enthusiasm for science. 
 
Thank you also to my supervisor, Professor Michael Hoffmann, who gave me the 
opportunity to pursue interesting research, and provided support at every step. 
 
Professor Yuk Yung took me under his wing, and showed me the basics of atmospheric 
modeling.  Without his help and his enlisting of Drs. Mark Allen and Run-Lie Shaw to 
my aid, I could not have been able to complete the modeling studies that comprise 
Chapter 6 of this work and that allowed me to pull a disparate set of studies into a 
coherent thesis.  It was also from a suggestion of Professor Yung that I looked at the 
carbonyl sulfide profiles from the MkIV instrument, which I could not have done without 
the assistance of Geoff Toon at JPL, who patiently explained to me the ins and outs of 
data retrieval and line lists, and helped me with deciphering both. 
 
Stan Sander and Kyle Bayes at JPL were instrumental in the work reported in Chapter 4.  
 
Also thank you to Joel Savarino, Albi Romero, Nicolas Patris, and Professor Mark 
Thiemens at UCSD who made the analyses presented in Chapter 5 possible, and also to 
Rob Leifer and the Environmental Measurements Laboratory in New York City for 
providing the filter samples. 
 
I couldn’t have made it through without the support of my friends in the department.  In 
particular, I’d like to thank my classmates from the beginning, Jennie Stephens and 
Mariu Hernandez, my confidante and companion over many a margarita at Amigos, Lisa 
Welp, my fellow Canuck and erstwhile roommate Mike (Mikey) Johnson, and my 
officemate Chris Boxe.  
 
And of course, thank you to Mom, Dad, and to my brothers Fok-Han, Fok-Shuen, and 
Fok-Jee for everything.  
 



 iii

Elucidation of the origins of stratospheric sulfate aerosols by isotopic methods 

Fok-Yan Leung,  
Environmental Science and Engineering, California Institute of Technology 

 
Thesis Abstract 

Stratospheric sulfate aerosols (SSA) play an important part in regulating the 

climate of the earth and in the maintenance of important stratospheric species, including 

stratospheric ozone.  The sources of stratospheric sulfate aerosol sulfur remain an 

unresolved issue because of uncertainties in the global sulfur budget and model 

limitations.  The origins of SSA particles should be reflected in their isotopic 

composition.  In this thesis project, the sulfur isotopic fractionation factors of processes 

that produce stratospheric sulfate aerosols (SSA) were quantified using a variety of 

theoretical and experimental techniques.   RRKM (unimolecular dissociation) theory was 

applied to compute the isotopic fractionation of the homogeneous oxidation of SO2 via 

OH radicals. The overall isotopic enrichment associated with the total OCS loss pathways 

in the stratosphere was determined by analyzing high resolution FT-IR data from balloon 

flights.  The isotopic fractionation of the photolytic decomposition of OCS was estimated 

by measuring the absorption spectra of OCS sulfur isotopologues.  We also measured the 

isotopic composition of stratospheric aerosols sampled during the period 1973-1974, in 

the course of the Department of Energy’s AIRSTREAM campaign.  Combining our 

results with literature values of the sulfur isotopic composition of SSA precursors, we 

modeled the steady-state isotopic composition of sulfur compounds in the atmosphere 

using the JPL/Caltech 1-D chemical transport model.  Our data supports the view that 

OCS and SO2 are both important in the maintenance of the background stratospheric 

sulfate aerosol layer. 



 iv

Table of Contents 

Chapter 1: Introduction 
 
1.1 Overview           I-1 
1.2 Outline          I-5 
1.3 Background         I-7 

1.3.1 Atmospheric sulfur compounds      I-7 
1.3.2 Global sources and sinks of atmospheric carbonyl sulfide  I-8 
1.3.3 Sources and sinks of sulfur dioxide and sulfate    I-10 
1.3.4 Properties of the background stratospheric sulfate layer  I-11 

1.4 Isotopic Effects and the Isotopic composition of atmospheric sulfur  I-17 
1.4.1 Expressing isotopic composition     I-17 
1.4.2 Isotopic fractionation processes      I-18 
1.4.3 Isotopic fractionation as Rayleigh Distillation processes; open and closed 
systems         I-21  
1.4.4 Sulfur Isotopes in the environment     I-23 
1.4.5 Short note on Mass-independent isotopic effects   I-25 

 
References          I-27 
 
Appendix A.1          I-33 

 A.1.1 Aqueous phase chemistry sulfur chemistry   I-33 
A.1.2 SO2 oxidation by O3      I-33 
A.1.3 SO2 oxidation by H2O2      I-34 
A.1.4 SO2 oxidation by OH radical     I-36 
A.1.5 SO2 oxidation by O2 via metal catalysis   I-37 
A.1.6 SO2 oxidation by nitrogen oxides    I-38 

Appendix 1.2  Homogeneous Sulfur Chemistry     I-38 
 

Chapter 2: Isotopic fractionation of carbonyl sulfide in the atmosphere: 
Determination of the apparent isotopic enrichment factor of stratospheric  
processing of OCS 
 
2.1 Introduction         II-1 
2.2 Experimental procedure        II-2 
2.3 Results and discussion        II-3 
2.5 Conclusions         II-13 
References          II-13  

 

 



 v

Chapter 3: Atmospheric implications of sulfur isotope effects on the ultraviolet 
absorption spectrum of carbonyl sulfide 
 
3.1 Introduction         III-1 
3.2 Experimental procedure        III-2 
3.3 Results and discussion        III-3 
3.4 Conclusions         III-13 
References          III-14 

Chapter 4: Sulfur isotopic fractionation in the gas-phase oxidation of sulfur dioxide 
initiated by hydroxyl radicals 
 
4.1 Introduction         IV-1 
4.2 Calculation of Kinetic Sulfur Isotope Effects in Reaction 1   IV-2 
4.3 Discussion of results and 1-D modeling of sulfur isotopic composition of 
stratospheric sulfate following the 1963 eruption at Mt. Agung, Bali, Indonesia.  IV-9 
References          IV-12 
Appendix 4.1 Conceptual model describing the evolution of SSA and the isotopic 
composition of SSA particles following the eruption at Mt. Agung, Bali, Indonesia in 
1963           IV-16 
 
Chapter 5: 1-D and 2-D modeling of the isotopic composition of stratospheric sulfur 
species. 
 
5.1 Introduction         V-1 
5.2 Atmospheric simulation        V-2 
5.3 Model results         V-7 

5.3.1. Agreement between the results of the CIT/JPL 1-D and 2-D models and the 
AER 2-D model        V-7 

5.3.2 Isotopic enrichment of stratospheric OCS     V-12 
5.3.3 Contribution of SO2 and H2SO4 to the stratospheric sulfate aerosol  V-16 
5.4 Conclusions         V-20 
References          V-21 
Appendix A.5.1: Input and output for the JPL/Caltech 1-D KINETICS model  V-24 
Appendix A.6.2: Input for the 2-D model      V-25 
 
Chapter 6: Overall summary, general conclusions and directions for future research 
 
6.1. Introduction         VI-1 
6.2 Chapter 2 Summary and future perspectives     VI-1 
6.3 Chapter 3 Summary and future perspectives                                           VI-2 
6.4 Chapter 4 Summary and future perspectives     VI-3 
6.5 Chapter 5 Summary and future perspectives     VI-4 
6.6 Chapter 6 Summary and future perspectives     VI-5 
References          VI-6 



 vi

Appendix A: Analysis of sulfur isotopic composition of stratospheric sulfate aerosol 
from filter samples from the AIRSTREAM program, 1973-1974. 
 
A.1 Introduction         A-1 
A.2 Experimental procedure        A-2 
A.3 Results and discussion        A-9 
A.4 Conclusions         A-6 
References          A-7 
Appendix A.A.1 List of samples obtained from the EML archives of the HASP Airstream 
Project           A-9 

 


	Chapter 1: Introduction
	1.1 Overview I-1
	1.2 OutlineI-5
	1.3 BackgroundI-7
	1.3.1 Atmospheric sulfur compoundsI-7
	1.3.4 Properties of the background stratospheric sulfate layerI-11
	1.4 Isotopic Effects and the Isotopic composition of atmospheric sulfurI-17
	1.4.4 Sulfur Isotopes in the environmentI-23
	
	
	
	2.1 IntroductionII-1


	Chapter 3: Atmospheric implications of sulfur isotope effects on the ultraviolet absorption spectrum of carbonyl sulfide
	3.2 Experimental procedureIII-2



	Chapter 4: Sulfur isotopic fractionation in the gas-phase oxidation of sulfur dioxide initiated by hydroxyl radicals
	
	
	4.1 IntroductionIV-1



	Chapter 5: 1-D and 2-D modeling of the isotopic composition of stratospheric sulfur species.
	5.1 IntroductionV-1
	5.2 Atmospheric simulationV-2
	5.3.1. Agreement between the results of the CIT/JPL 1-D and 2-D models and the AER 2-D modelV-7


