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ABSTRACT 

 

 
 

A four-dimensional model was designed to assimilate ozone for a one-year period from 

January to December 1999.  The model has 1 ° x 1 ° horizontal resolution and is 18 sigma levels 

in the vertical from 10 hPa to the Earth's surface.  This Eulerian advection scheme uses total 

ozone from the Total Ozone Mapping Spectrometer (TOMS), and the NCAR/NCEP Reanalysis 

3-dimensional wind fie ld to calculate the evolving structure function and determine the vertical 

distribution of ozone over the model levels.  Initially, ozone climatology is used to calculate the 

structure function.  In this paper, the focus is on tropospheric ozone.  We have analyzed the 

spatial and temporal variability of ozone at different atmospheric levels, and with the model can 

provide ozone climatology for all 18 levels.  We looked at a specific high ozone event occurring 

in March 1999 near the Maldives, documented by the Indian Ocean Experiment (INDOEX) field 

study.  The region selected from 30N to 30S and 40E to 110E, is the primary focus in the study.  

We show that the origins of this plume are from the northeast, and could be possibly due to 

ozone precursors from biomass burning and lightning.  Meteorological conditions for this area 

are also analyzed, and indicate that this plume was caused by a combination of non-typical low-

level flow into the Maldives and in situ ozone production.  Air quality in Southeast Asia is also 

discussed in this research, and model results show this region to be a major source of in situ 

ozone production.  Trajectories are shown indicating intercontinental transport of air masses 

from the east coast of Asia to the west coast of North America.      
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CHAPTER ONE 

 
INTRODUCTION 

 
 
 

1.1 Historical context  

Changes in the chemical composition of the atmosphere due to anthropogenic emissions of 

the industrial era have caused stratospheric ozone depletion, acid rain, and degradation of 

visibility and air quality in general.  In recent decades, there has been impressive economic 

development fueled by population growth, globalization and the information technology 

revolution.  These developments have resulted in greater demands for energy, mobility and 

communications.  Environmental consequences of these demands are far reaching and in the 

context of air pollution are not just on the local scale.  Pollution emitted in one area can be 

transported half way around the globe in a matter of a few days and affect the air quality in that 

region.  Transport and chemical transformation of optically active trace gases modify the large-

scale distribution of chemical species and their global budgets, which can have important 

implications for the chemical composition of the atmosphere and its radiative properties.  Along 

with CO, CO2, NOx, CFC's, and CH4, ozone plays an important role in the climate system by 

being a main atmospheric oxidizing component and optically-active constituent.  As will be 

discussed in Chapter 2, stratospheric and tropospheric ozone shields the Earth's ecosystems from 

harmful UV radiation, but increasing mixing ratios of ozone in the troposphere are harmful to 

human health and damage crops and other vegetation.  The increasing tropospheric ozone can 

cause changes in the radiative properties of the lower atmosphere leading to larger scale 

implications for atmospheric circulation patterns. 

The concern of tropospheric ozone and its precursors came to the attention of the scientific 

community in the 1970s through the work of Paul Crutzen (1973,1974).  His work focused on 

the formation of photochemical smog in urban environments, and he discovered that it is mostly 

the abundance of NOx that is the limiting factor in the formation of tropospheric ozone.  In the 
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late 1970s and early 80s, Crutzen applied the same ideas to the formation of ozone by the 

photochemically reactive gases released by fires (Crutzen et al. 1979).  A Brazilian field 

campaign measured the amount of surface ozone and emissions of gases from the fires during the 

dry season, and was the first to demonstrate the seasonality in ozone that could be explained by 

the fires (Crutzen et al., 1985; Delany et al., 1985).  These findings were merely suggestive, and 

it wasn't until the late 1980s and early 1990s that satellite observations and aircraft 

measurements revealed the far-reaching impacts of precursor emissions on the formation of 

ozone in the troposphere.  Studies such as, SOS (Southern Oxidants Study), TROPOZ 

(Tropospheric Ozone) and TROPOZ II, SAFARI/TRACE-A and PEM-Tropics A, were among 

the first to focus on ozone precursor emissions.   

SOS, an air quality study beginning in 1988 and continuing through 2002, was one of the 

first to involve a mix of research scientists and engineers from universities, federal and state 

government agencies, industry, and public interest groups (SOS, 2001). These groups were 

seeking to answer why air quality regulations in the Southern United States were not effective.  

This group monitored regional ozone concentrations, weather, and ozone precursor 

concentrations as well as performing modeling studies.  They made huge advancement in 

chemical modeling of pollution events as well as laid the groundwork for collaboration between 

diverse groups.  During the last 5 years, they have demonstrated the effectiveness of a new 

paradigm for policy relevant air quality research in the US.  This paradigm is based on a long-

term commitment to improve scientific and public understanding of the fundamental chemical, 

meteorological, biological, and sociological processes that lead to the formation and 

accumulation of ozone n the lower atmosphere (2001).  They have found that air quality 

regulations were not effective in localized regions due to a combination of regional, urban, and 

point source pollution.   

Fishman and his colleagues (1986; 1990; 1992) were able to make the connection between 

ozone and long-range transport by estimating the tropical tropospheric ozone (TTO) column 

amount by taking the difference between satellite measured total ozone (TOMS) and 

stratospheric ozone (SAGE).  The resulting maps revealed a large seasonal maximum over the 

south tropical Atlantic occurring in austral spring when southern hemisphere fire activity is very 

high.  He also documented a plume of tropospheric ozone in the Indian Ocean, during the 

September-October-November season, coming from Africa.  The SAFARI (Southern African 
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Fire Atmospheric Research Initiative)/TRACE-A (Transport and Atmospheric Chemistry near 

the Equator-Atlantic) experiments confirmed that biomass burning emissions contributed to the 

existence of the South Atlantic maximum.  Krishnamurti et al. (1996) showed that the ozone 

maximum formation was a more complex mixture of chemical and dynamical interactions, such 

as meteorological patterns and variability on both the regional and global scales.  

In more recent studies, such as Chatfield et al. (2002), an attempt has been made to 

understand the export and transport pathways of ozone and its precursors.  In this study, 

simulations of biomass burning plumes were completed.  Anne Thompson launched a huge 

project called SHADOZ (Southern Hemisphere Additional Ozonesondes) to address the concern 

of ozone distribution (Thompson et al., 2002; Thompson et al., 2003).  Jack Fishman continues 

to improve a tropospheric ozone climatology called the TOR (Tropospheric Ozone Residual), 

which is comprised of TOMS data and SBUV total ozone (Fishman et al., 2003). 

 

1.2 Motivation  

The motivation for this work evolves from an elevated plume of air pollution documented 

during the Indian Ocean Experiment (INDOEX) on March 25th, 1999 (Ansmann et al., 2000; 

Muller et al., 2000).  For this reason, the South Asian region is the primary focus in this research.  

This region includes the Indian subcontinent (India, Pakistan, Bangladesh, Nepal and Bhutan) as 

well as Sri Lanka, and the Maldives, and is one of the most densely populated regions in the 

world, with population densities of 100-500 persons/km2 (UNEP and C4, 2002).  Currently, 10% 

of the world's population, 6000 million people, lives in the Asian region (UNEP and C4, 2002).  

In the next 25 years, the population is expected to rise to 1/4 of the global total, and the 

anthropogenic aerosols released in this region are projected to become the dominant component 

of anthropogenic aerosols worldwide (Nakicenovic et al. 2000).   

Climate in this area is characterized by tropical monsoons, and the most important feature 

associated with the monsoon is the seasonal variation of atmospheric flow.  During the months of 

northern hemisphere summer (June-September), the wet monsoon season occurs, and winds are 

south to southwesterly coming from the tropical Indian Ocean.  During the winter months 

(December-April), the dry monsoon season occurs, and the atmospheric flow is north to 

northeasterly (Krishnamurti et al. 1997).  Because of this and other meteorological conditions, 

the Indian Ocean is a favorable location for this study.  The wind patterns during the NE 
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monsoon, transport aerosols from the continent out over large areas of the Arabian Sea, Northern 

Indian Ocean, and the Bay of Bengal (Krishnamurti et al. 1997).  As documented by the Indian 

Ocean Experiment (INDOEX) (conducted between 1995-1999), there is a brownish haze layer 

that is present over much of the Northern Indian Ocean and part of the South Asian continent 

during the dry season (UNEP and C4, 2002).  This polluted air can then be advected as far as the 

Intertropical Convergence Zone (ITCZ).  Within this haze are a slew of chemical pollutants such 

as, SO2, CO2, O3, NOx, and black carbon.  The INDOEX field campaign is discussed more 

closely in chapter three.   

Numerical modeling of ozone, and other pollutants, is essential to our complete 

understanding of the total system.  Using numerical models, it is possible to simulate the natural 

atmosphere, and also to observe what happens when its intricate system is perturbed.  These 

models are a crucial addition to real time data.   

 

1.3 Thesis overview 

The focus of this study will be on the properties of ozone, specifically, looking at its vertical 

distribution, and modeling its concentration at specific levels in atmosphere.  Specifically, the 

primary goals of this research are to: 

• Develop a four-dimensional Eulerian model to assimilate the vertical distribution of 

ozone from satellite derived total ozone. 

• Develop tropospheric ozone season and annual climatology. 

• Assimilate the elevated ozone plume documented at Kaashidhoo Climate 

Observatory, and assess the role of dynamic features in the formation of this high 

ozone event.   

• Use assimilated ozone fields to study the intercontinental transport of tropospheric 

ozone.  

Chapter two will outline the chemistry involved in the formation of tropospheric and 

stratospheric ozone.  Chapter three will discuss in detail the goals of the INDOEX campaign and 

its role in motivation for the present research.  Chapter four gives an overview of the data used in 

this study including the winds, total ozone, and ozone precursor data.  Chapter five will discuss 

the background of the data assimilation method, the design of the method as well as validation of 

model output.  Chapter six examines the climatology of winds, total ozone, and model ozone at 
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two specific tropospheric levels.   Chapter seven will discuss the formation of the Kaashidhoo 

Climate Observatory high ozone event, showing air mass origin and possible ozone precursors 

involved.  Chapter eight takes a brief look at intercontinental transport of ozone from Southeast 

Asia.  Finally Chapter nine provide a summary of the research, conclusions that have been made, 

as well as ideas for future improvements of the present research. 



 6

 

 

 

 

 

CHAPTER TWO 
 

OZONE CHEMISTRY 
 

 

 

2.1 Ozone formation in the troposphere  

Tropospheric ozone plays an important role in both changes in global climate and the 

oxidation of the atmosphere, and also as a pollutant.  Roughly 10% of the Earth's ozone is found 

in the troposphere, where it plays a key role in providing oxidizing radicals, OH•, that cleanse 

the lower atmosphere of pollutants, such as carbon monoxide (CO), and sulfur dioxide (SO2).  

However, high concentrations of ozone at ground level can be toxic to plants, and an irritant to 

humans.   

The formation of tropospheric ozone is highly nonlinear, meaning that the rates of 

accumulation are not proportional to the rates of emission.  Formation depends on numerous 

factors such as, precursor emissions, horizontal and vertical transport, clouds and aerosols, etc.  

Prior to the 1970s, it was thought that the source of tropospheric ozone was solely stratospheric 

injections.  It is now known that in-situ photochemical production of ozone occurs in the 

troposphere, and is equally, if not more, important as the stratospheric source.  Ozone formation 

starts with the reaction between molecular and atomic oxygen: 

O + O2 + M à O3 + M    (1.1) 

where, M is a third body, such as N2 or O2, which removes the energy of the reaction and 

stabilizes O3 (Graedel et al. 1993).  In the troposphere, the main source of oxygen atoms is from 

the photodissociaton of nitrogen dioxide: 

NO2 + hv (280<   λ  < 430nm)à NO + O  (1.2) 

The nitric oxide in reaction (1.2) reacts rapidly with ozone to form nitrogen dioxide and 

molecular oxygen: 
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NO + O3 à NO2 + O2     (1.3) 

Nitric oxide (NO) occurs naturally by the oxidation of nitrous oxide, N2O, which is produced by 

microbes in soils.  Nitric oxide is also an important air pollutant formed during combustion, by 

forcing atmospheric N2 to combine with O2 in an endothermic reaction at high temperature 

(Graedel et al. 1993). Reactions (1.1)-(1.3) establish the photostationary state, where ozone 

concentration depends on the ratio of NO2 to NO rather than their individual concentrations.  In a 

steady state situation, the rates of change of NO concentration in reactions (1.2) and (1.3) should 

be equal: 

d[NO]/dt = J[NO2] = k[NO][O3]   (1.4) 

where, J and k are the photodissociation rate and reaction rate constant of the two reactions, 

respectively.  Solving equation (1.4) shows that ozone concentration depends on the ratio of NO2 

to NO: 

[O3] = (J/k)([NO2]/[NO])    (1.5) 

Therefore, in order to get an accumulation of ozone other reactions are needed to oxidize NO to 

NO2 without consuming O3.  One such reaction is between NO and peroxy radicals, such as 

HO2• and RO2• (where R denotes organic radicals).  Peroxy radicals are formed by the reaction 

between hydroxyl radicals and hydrocarbons.  Hiram Levy in 1971, pointed out that the hydroxyl 

radical is formed by expending only one ozone molecule by way of an oxygen atom in the 

excited state (Graedel et al. 1993). 

O3 + hv (280< λ < 310nm) à O(1D) + O2 

O(1D) +H2O à 2HO• 
 

A hydroxyl radical goes on to react with hydrocarbon to produce R•, which is an organic radical, 

which then reacts with molecular oxygen to form peroxy radicals. 

RH + HO• à R• + H2O 
R• + O2 à RO2• 

The peroxy radical, RO2• reacts with NO to produce NO2: 

RO2• + NO à NO2 + RO• 

The peroxy radicals serve to oxidize NO, and not consume O3 (Leighton 1961).  

Paul Crutzen discovered in 1973 that nitrogen dioxide can also be created without consuming 

ozone by the oxidation of CH4 and CO through the following chemical scheme: 
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  HO• + CO à CO2 + H•      
  H• + O2 + Mà HO2 +M               

                 HO2• + NO à NO2 + HO•    (1.6) 

       NO2 + hv(280 <  λ < 430nm) à NO + O 

  O + O2 + M à O3 + M      

Net:  CO + 2O2 + hv à  CO2 + O3      

 

              HO• + CO à CO2 + H•      
  H• + O2 + M à HO2• + M     

  HO2• + O3 à HO• + NO2    (1.7) 
Net:  CO + O3 à  CO2 + O 2     

 
  HO• + CH4 à H2O + CH3 
  CH3• + O2 + M à CH3O2• + M    (1.8) 

  CH3O2• + NO à CH3O• + NO2   (Graedel et al. 1993) 
  CH3O• + O2 à HCHO + HO2 

 

The availability of NOx is crucial to reactions (1.6) and (1.7).  In the case where NOx is high 

reaction (1.6) will occur, which is 4,000 times faster than reaction (1.7), which occurs when NOx 

is low.  Nitrogen dioxide generated by the oxidation of CH4 and CO, can then produce O3 by 

way of reactions (1.2) and (1.1).  Through these processes the ratio between NO2 and NO can 

rise without sacrificing a lot of O3, and therefore, the concentration of ozone rises.   

 

2.2 Ozone formation in the stratosphere  

Ozone present in the stratosphere is critical to our survival.  Approximately 90% of ozone is 

located in the stratosphere, where it blocks harmful UV-B and UV-C rays from reaching Earth's 

surface.  Ozone is formed in the stratosphere in the same chemical process as the troposphere.  

Oxygen atoms and oxygen molecules combine to form ozone molecules continuously. 

O + O2 à O3       (1.21) 

Unlike in the troposphere, oxygen atoms are formed when molecular oxygen is split by high- 

energy (UV-C) photons. 

O2 + hv (240 < λ < 280nm) à O + O     (1.22) 

This reaction cannot take place near the ground because UV-C is completely blocked in the 

stratosphere.  Ozone is naturally destroyed by three different processes, which include:   

the absorption of low energy photons (UV-A), 

O3 + hv (320 < λ < 400nm) à ) + O2     (1.23) 
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the reaction of oxygen atoms with ozone, 

O + O3 à O2 + O2      (1.24) 

and by the presence of nitric oxide, 

NO + O3 à NO2 + O2        (1.25) 

Nitric oxide is considered a catalyst because it is regenerated from nitrogen dioxide and can then 

destroy more ozone, 

NO2 + O à NO + NO       (1.26) 

Air pollution has added new paths of ozone destruction while not affecting the rate of formation.    

One serious pollutant is nitric oxide.  Unnaturally high concentrations of this pollutant are 

present in the atmosphere due to its formation from the combustion of fuel.     
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CHAPTER THREE 
 

THE INDOEX FIELD CAMPAIGN 
 

 

 

3.1 Background 

The Indian Ocean Experiment (INDOEX) was launched in 1995 as a small field campaign 

with ship observations of the Indian Ocean basin, and culminated into a major field experiment.  

By 1999, the group was performing ship, aircraft, satellite, and surface observations.   The 

United States coordinator and co-chief scientist is Dr. V. Ramanathan at Scripps Institution of 

Oceanography of the University of California, San Diego.  The chief scientist who organizes the 

European component is Dr. Paul J. Crutzen, director of the Max-Plank Institut fur Chemie.  

Participants in the campaign, whose primary support comes from the National Science 

Foundation, include various premier environmental scientists, universities, and national 

laboratories in the United States, Europe, and Indian Ocean region. 

The group proposed to study the aerosol-cooling hypothesis.  Anthropogenic emissions of 

sulfur and other aerosol forming compounds may lead to radiative cooling comparable in 

magnitude to greenhouse warming.  They also proposed to examine the role of the ITCZ in the 

transport of trace gases and pollutants, the role of continental and marine aerosols in the radiative 

forcing of remote oceanic regions, the magnitude and physics of the excess solar absorption in 

the ITCZ cloud systems, and the water vapor distribution and its greenhouse effect (Ramanathan 

et al., 1996; Crutzen and Ramanathan 2001).  The purpose of the data collected is two fold:  1) it 

will serve as a baseline for assessing the changes in the Indian Ocean region in the coming 

decades, and 2) it will be used to calibrate the National Aeronautics and Space Administration 

Earth Observing System instruments to obtain a regional map of the aerosol cooling effect 

(1996). 
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The Indian Ocean basin was chosen because of the strong source of natural and 

anthropogenic emissions from the Indian subcontinent and the sur rounding nations.  These 

sources of aerosols such as mineral dust of natural and anthropogenically influenced sources, 

nitrates from agricultural and traffic-related sources, sea salt, sulfate particles and organic 

aerosols due to: gas-to-particle conversion of secondary oxidation products of organics emitted 

by the biosphere (vegetation, ocean); emission from industrial sources and transport vehicles; 

biomass burning (heating, cooking, shifting agriculture, agricultural waste burning) including 

optically and microphysically active carbonaceous aerosols; and primary aerosols, i.e., soil dust 

and sea-salt.  

Another reason the Indian Ocean region was chosen is due to the favorable surface flow for 

testing the direct aerosol effect.  From January to March, the predominant low-level flow is from 

the northeast (during the northeast monsoon the flow is from the land south to the ocean), and 

from July to August the flow is from the ocean in the south to the land in the north (Figure 1).  

The northeast monsoon will facilitate in the transport of pollutants from the subcontinent to the 

ocean.  The flow causes a seasonal change in the direct effect of aerosols, which is another 

reason this basin is used in this study. 

The Indian Ocean basin is a source of deep convection, and the juxtaposition of polluted and 

"pristine" air systems makes it an ideal region for studying the indirect effect of aerosols as well 

as convection and ozone formation.  The sea surface temperatures (SSTs) of the Indian Ocean 

are second only to the western Pacific warm pool (~303K on average), and are on average 

around 301-302 K.  The diabatic forcing from these regions play a large role in tropical 

circulation.  The cross equatorial flow in conjunction with this deep convection forms the 

Intertropical Convergence Zone (ITCZ), and contributes significantly to the vertical exchange of 

trace gases from the surface to the upper troposphere.  

 

3.2 Plume day:  March 25th, 1999 

A plume of pollution was documented during the INDOEX field study and characterized by 

ground based LIDAR.  Figure 2 (Ansmann et al., 2000), shows a 90 minute period of lidar 

observations, it was noted that these conditions persisted throughout the entire 10 hour 

measurement period.  A persistent layer was found above the convective boundary layer between 

1000-4000m (data below 400 m is not reliable due to the limitations of the lidar).  This study 
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also demonstrated that the air masses within the marine boundary layer traveled south off the 

west coast of India.  In the upper part of the free-troposphere aerosol layer, the air was advected 

from the central and eastern parts of the Indian subcontinent.  In chapter seven, the plume of 

ozone will be discussed more in depth using model results.  After analyzing ozonesondes from 

Kaashidhoo Climate Observatory, which are archived at the CMDL (Climate Monitoring and 

Diagnostics Laboratory) and discussed in depth in chapter five, this double-layered plume 

consisted of ozone with mixing ratios reaching up to 0.09 ppmv by March 26th, 1999 (Figure 3).  

From this figure you can also see the evolution of this doubled layer plume.  On March 25th 

(Figure 3), the low-level (700 hPa) plume had ozone mixing ratios of approximately 0.07 ppmv, 

and the mid-level plume (500 hPa) had an ozone mixing ration of approximately 0.055 ppmv.  
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Figure 1. a) The northeast monsoon showing that the flow is from the continent to the ocean. b) 
The southwest monsoon illustrating the flow from the ocean to the continent.            
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Figure 2. Pollution outbreak determined with lidar at Maldives International Airport (~4N, 73E) 
on March 25th, 1999.  Figure is from Ansmann et al., 2000, and measurement starts at 1330 UTC.  

Measurements below 400 m are not valid.  Aerosol plume has two layers.  A strong layer below 
1km, and another persistent weak layer between 2-3 km. 
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Figure 3.  Illustrates the arrival of a plume of ozone at Kaashidhoo Climate Observatory 

(4.966N, 73.46E) from March 23-28, 1999.  Ozonesonde data is from the CMDL, and ozone is in 
ppmv. 
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CHAPTER FOUR  
 

DATA SETS  
 

 

 

4.1 Total Ozone Mapping Spectrometer (TOMS) 

TOMS measures total integrated ozone globally on a daily basis as well as monitoring smoke 

from biomass burning, desert dust and other aerosols, and sulfur dioxide and ash from volcanic 

eruptions.  The first TOMS instrument was placed in orbit in 1978 aboard Nimbus 7, and now 

TOMS continues to make measurements aboard Earth Probe since its successful launch in 1996.  

The measurements taken are processed by the National Aeronautics and Space Administration 

(NASA), and archived at the Goddard Space Flight Center (GSFC) Distributed Active Archive 

Center (DAAC).  They are made available through the TOMS website, 

http://jwocky.gsfc.nasa.gov/eptoms/ep.html.  Currently, the satellite is orbiting at an altitude of 

740 km, has an inclination of 98.385 degrees, a period of 99.675 minutes, and a field of view 

(FOV) at nadir of 39 km latitude x 39 km longitude.  Its orbit allows for 90% daily global 

coverage.   

TOMS measures total column ozone on the principle of backscattered ultraviolet solar 

radiation.    The satellite uses a single monochromator, with six exit slits at wavelengths of 

308.60 nm, 313.50nm, 317.50 nm, 322.30 nm, 331.20 nm, 360.40 nm, and scanning mirror to 

measure the radiance along a 35 point path at 3 degree intervals along a line perpendicular to the 

orbital plane, taking no measurements on the retrace and pausing for 8 seconds before starting 

another scan (McPeters et al., 1998).  Total ozone is derived from a normalized radiance, which 

is the ratio between backscattered Earth radiance and the incident solar irradiance.  
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4.2 NCEP-NCAR Reanalysis Winds  

The wind data used for the year-long model run were physically initialized reanalysis 

wind fields.  Global reanalysis provides a strong relationship between the precipitation and large-

scale dynamics.  The NCEP-NCAR Reanalysis is a 50-year long data set, in which the National 

Centers for Environmental Prediction (NCEP) and for atmospheric Research (NCAR), have 

cooperated to produce a global analysis of atmospheric fields.  They have used land surface, 

ship, rawindsonde, pibal, aircraft, and satellite data to assimilate such atmospheric fields as 

horizontal winds, upper air temperature, geopotential height, moisture variables, surface fluxes, 

heating rates, and precipitation (Kistler et al., 2001).  The reanalysis data assimilation system 

includes the NCEP global spectral model with 28 sigma level, and triangular truncation of 62 

waves.  The analysis scheme is a three-dimensional variational scheme cast in spectral space.  

For a more detailed description of the data assimilation system see Kalnay et al. (1996).  

Reanalysis information and selected output are available on- line via the Internet at 

http://wesley.wwb.noaa.gov/reanalysis.html. 

 

4.3 European Center for Medium Range Weather Forecasting (ECMWF) ozone  

 Ozone from the TOMS and SBUV satellite are being successfully assimilated in the 

ECMWF 3-dimensional variational (3D-VAR) system.  In a 3D-VAR system, the variable 

forecasted is being corrected using observations at a particular gridpoint, and this technique 

attempts to minimize the cost function, J: 

)1.4(cob JJJJ ++=  

where, Jb, Jo, and Jc are the discrepancy with the background, observations, and slow character of 

the atmosphere, respectively.  In this system, the impact of a single observation on the forecast 

variable (i.e. ozone) at a gridpoint is evaluated using: 
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where, xa is the analysis value, xb is the background value, y is the observation, σ2
ο 

is the observation variance, σ2
b is the background variance, and B is the background error 

covariance matrix.  For more information on the ECMWF data assimilation system see Courtier 

et al., 1998 and data downloads are available via http://data.ecmwf.int/data/d/era40_daily/.   
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4.4 Global NOx and CO  

The global NOx and CO data set used in this study comes from the Max Planck Institute for 

Chemistry version of the Model for Atmospheric Chemistry and Transport model (MATCH-

MPIC).  It is a global three-dimensional offline model, which is fully described in Kunhikrishnan 

et al. (2004).  Details of the meteorological and photochemical processes are found in Lawrence 

et al. (1999) and Von Kuhlmann et al. (2003a,b).  The model resolution is T21 (~5.4°) with 28 

vertical levels from the surface to 2.7 hPa.  The time step is 30 minutes, and the major sources of 

NOx in the model are fossil fuel combustion, biomass burning, lightning, and microbiological 

processes.  There is a large degree of uncertainty regarding the natural source of NOx, such as 

lightning (Lawrence et al, 1995; Price et al., 1997) and microbiological processes (Yienger and 

Levy, 1995), as well as biomass burning (Galanter and Levy, 2000).  Sinks of NOx in MATCH 

include, the reaction of NOx with OH to form HNO3, and the hydrolysis of N2O5 on aerosols and 

cloud droplets as well as conversion to organic reservoir species.  Physical loss of reactive 

nitrogen also occurs through wet and dry deposition (Kunhikrishnan et al., 2004).  The model 

also uses satellite measured NO2 columns, which come from the GOME (Global Ozone 

Monitoring Experiment) instrument aboard the ERS-2 satellite.  ERS-2 is in a sun-synchronous 

orbit, approximately 800 km above the Earth, and observes the atmosphere in nadir view 

achieving global coverage ever 3 days with a spatial resolution of 40 km latitude by 320 km 

longitude (Kunhikrishnan et al., 2004).  Details of the GOME NO2 retrieval methods are given in 

Richter and Burrows (2002), Leue et al. (2001), and Martin et al. (2002). 
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CHAPTER FIVE 
 

DATA ASSIMILATION 
 

 

 

5.1 Passive tracer experiment    

The assimilation presented in this thesis has its roots in an experiment by Krishnamurti and 

colleagues (1996), where the FSU Global Spectral Model was applied to total ozone transport.  A 

four dimensional advection of a passive tracer is possible given a four dimensional description of 

the motion field from the FSU reanalysis data, and assuming that the production of aerosols over 

the source regions are proportional to the rates of emissions.   

A passive tracer is one in which there are no chemical interactions with the dynamics 

considered.  This is the most basic first guess for obtaining a vertical distribution of a tracer, and 

to modeling it in more detail.  With this experiment, the passive tracer used is ozone.  By 

studying what dynamics contributes to the accumulation of ozone in the troposphere over various 

locations, the contribution of the photochemistry of the biomass burn may become clearer. 

In order to study the time history of the passive tracer, the global spectral model is first 

integrated for a period of 6 days, and using its three-dimensional motion field (u, v, σ), the 

transports are carried out by the predicted winds.  The initial ozone concentrations are derived 

from the TOMS (Total Ozone Mapping Spectrometer) data set.  In order to obtain the 

concentration of ozone every 50 hPa in the vertical and every 1.25° latitude from the South to the 

North Pole, a weighting function, η(σ), given by Dutsch (1978) and Hilsenrath et al. (1977) is 

used.  An initial three-dimensional distribution of the ozone field, O(λ, ϕ, σ, t0), a first guess 

field, and the time evolution of the wind flow V(λ, ϕ, σ, t) advecting the ozone are known.  Also 

known is the vertically integrated ozone,O(λ, ϕ, t), from the TOMS data set.  The initial state of 

the ozone field is as follows: 
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O(λ, ϕ, σ , t0) = η( σ)O     (5.1) 

 

where, η(σ) is the weighting function, which is initially equal to one when integrated from the 

top of the atmosphere to the bottom.  Equation (5.1) is only the first guess at the vertical 

distribution of ozone.    This provides a four-dimensional global distribution of ozone 

concentrations, O (λ, ϕ, σ, t).  Where, O is the amount of ozone, λ is the longitude,  ϕ is the 

latitude, σ is the normalized pressure coordinate in the vertical, and t is the time.  

This experiment was a preliminary way of assessing the impact of dynamics on ozone 

accumulation.  They found that with this technique the predicted total ozone had a correlation 

with the TOMS total ozone of 0.8 suggesting that dynamics alone plays a major role in the 

observed ozone (Krishnamurti et al., 1996).  With this technique, the group was not able to 

resolve tropospheric features, and therefore one of the objectives of the current research is to use 

a simple advection scheme to obtain realistic tropospheric ozone vertical distributions. 

 

5.2 Four-dimensional Eulerian advection scheme  

This model is a simple Eulerian Advection scheme, which includes the three-dimensional 

fields of motion (u, v, σ), as well as ozone.  These data fields are described in Chapter Four.  

Equations 5.1-5.3 illustrate the governing principles in the model. 

 

 

 

 

 

 

 

We can assume that, for time scales less than a week, a parcel of air carries an ozone mixing 

ratio without altering it.  Therefore, equation 5.1, assuming conservation of total change in ozone 

with time (equation 5.2) becomes equation 5.3, where the three-dimensional wind field alters the 

local change in ozone with time.  Expanding equation 5.3, the equation for the local advection of  
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ozone looks like: 

 

 

where, Dif, is the horizontal and vertical diffusion term. 

 

The diffusion coefficients, υ and κ, are estimated at 500 s-1 and 2x10-9 s-1, respectively.  

The model has a horizontal resolution of 1° x 1° and has 18 sigma levels in the vertical. The 

sigma levels are spaced as shown in Figure 4, and are from the surface up to 10 hPa.  The model 

is integrated with a time step of 6 minutes for a period of 365 days, using its three-dimensional 

fields.   

 

5.3 Model initialization 

To initialize the model, data were obtained and analyzed to give ozone values globally for the 

atmospheric column from the surface to 10 hPa.  Satellite measured total ozone from TOMS, and 

meteorological horizontal and vertical wind fields from the NCAR/NCEP reanalysis data at 

levels from 990hPa to 10hPa are used with the no slip condition applied to the surface.  The 

winds, on a 2.5° by 2.5° grid were interpolated to our 1° x 1° horizontal grid.  To calculate an 

initial ozone distribution at every level and grid point data from the British Atmospheric Data 

Center (BADC) were used.  This data set is a 3-dimensional monthly mean ozone analysis, 

which is built from several observational data sets including satellite observations (SBUV, 

SAGE II, SME, TOMS) as well as ozonesonde data provided by the Atmospheric Environment 

Service of Canada (Li and Shine 1995).  The data provides monthly mean ozone on a 2.5° by 

2.5° horizontal grid and 47 vertical levels, and was interpolated to our model's horizontal grid 

spacing and vertical levels.    

A structure function (weighting function), ηκ ( λ, θ, σ) , is calculated from the ozone 

climatology, O( λ, θ, σ): 
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where, k is the vertical sigma level from 1 to 18.  This equation calculates the weights, which 

will be used to distribute total ozone from the TOMS satellite to the vertical levels, k.  This 

structure function is what will be forecasted in the model and used to predict the ozone 

distribution for the next day.  

 

5.4 Ozone forecast 

Once the initial ozone is calculated for each level for day 1 and day 2, advection is invoked 

to forecast the next day's ozone.  A new structure function is calculated for each time step (240 

times steps per day) using equation 5.5, where, O ( λ, θ, σ), is now the forecasted ozone.  At the 

end of each day, the data is read into the model again, and the observed TOMS data is distributed 

in the vertical using the forecasted structure function, and the advection process starts over again.  

See Figure 5 for a schematic diagram of the model.  Integration continues for 365 days with 

maps of ozone at 18 levels being stored daily. 

 

5.5 Model validation 

In order to test the model's ability to create ozone features throughout the atmospheric 

column, ozonesondes were used to validate the model.  The ozonesonde data came from three 

sources; the Climate Monitoring and Diagnostics Laboratory (CMDL), part of the Department of 

Commerce/NOAA, the SHADOZ (Southern Hemisphere Additional Ozonesonde) experiment 

launched by Dr. Anne Thompson and her colleagues at NASA Goddard Space Flight Center, as 

well as various Indian sites obtained from the National Centre for Medium Range Weather 

Forecasting, Department of Science and Technology in New Dehli, India.  These ozonesondes 

were launched from the Sagar Kanya ship, New Dehli, Trivandrum, and Pune.  The sites 

available for use from the CMDL are as follows: Boulder, Colorado; Hilo, Hawaii; Huntsville, 

Alabama; Trinidad Head, California; Pago Pago, American Samoa; Suva, Fiji; Santa Cristobal, 

ECUADOR; and the Kaashidhoo Climate Observatory, and the sites from SHADOZ are Natal, 

Ascension Island, Nairobi, Malindi, La Réunion , Watukosek-Java , Irene, and Tahiti. 
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For comparison, the ozone assimilation from the ECMWF three-dimensional variational data 

assimilation scheme is also presented.  The background information for this assimilation scheme 

is discussed in chapter four.  Figure 6 Shows selected ozonesonde sites and ECMWF ozone 

compared to the FSU data assimilation for the troposphere below 400 hPa.  From these figures, it 

is shown that features in the troposphere are captured by the FSU assimilation.  For example in 

figure 6a, the site used is the Kaashidhoo Climate Observatory for March 25, 1999, and the FSU 

assimilation captures both the low-level and mid- level ozone plumes, where the ECMWF ozone 

assimilation system cannot capture the details of ozone chemistry in the lower troposphere.   

Figure 6b shows the same comparison for the American Samoa site on March 21, 1999, and 

again, a feature at 850 hPa is assimilated by the FSU scheme, where the ECMWF system 

overestimates the level.   Two other sites are also included (Figure 6c and d) showing ozone at 

Watukosek on March 3, 1999 and Fiji on March 1, 1999, respectively, in the comparison.  These 

comparisons demonstrate the ability of the FSU assimilation to capture tropospheric ozone.  The 

magnitudes of ozone are correctly reproduced at these sites, whereas the ECMWF is 

overestimating.  It is noted that the ECMWF system has difficultly assimilating the vertical 

distribution of ozone in the mid and lower troposphere, but can realistically reproduce annual 

and seasonal signals as well as, stratospheric ozone (Courtier et al., 1998).  The FSU assimilation 

scheme can reproduce seasonal features as well as the vertical distribution of ozone in the 

troposphere, but it should be noted that ozone in the upper troposphere and stratosphere, while 

realistic, is slightly overestimated.  This is due to the vertical resolution of the model.  Chapter 

nine will discuss ways to improve upper tropospheric and stratospheric ozone.  

 
 

 

 

 
 
 

 
 

 
 
 

 
 



 24

σ1 = 0.01        ____________________________________________         U, V, σ   

 

σ2 = 0.02           U, V, σ   

 

σ3 = 0.03         U, V, σ   

 

σ4 = 0.05         U, V, σ   

 

σ5 = 0.07         U, V, σ   

 

σ6 = 0.10         U, V, σ   

 

σ7 = 0.20         U, V, σ   

 

σ8 = 0.30         U, V, σ   

 

σ9 = 0.40         U, V, σ   

 

σ10 = 0.50         U, V, σ   

 

σ11 = 0.60         U, V, σ   

 

σ12 = 0.70         U, V, σ   

 

σ13 = 0.80         U, V, σ   

 

σ14 = 0.85         U, V, σ   

 

σ15 = 0.90         U, V, σ   

 

σ16 = 0.95         U, V, σ   

 

σ17 = 0.99         U, V, σ 

 
Surface= 1.0           Ps 
 

    P = σ * Ps 

 
Figure 4. A schematic illustrating the vertical resolution of the model developed in this study.  
There are 18 sigma levels including the surface.  Sigma levels are convenient for use in 

numerical models because they follow the terrain, and therefore allow for advection over regions 
of high elevation. 
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Figure 5.  A flow chart for the four-dimensional Eulerian advection scheme developed in this 

study.  Each day the meteorological winds (NCAR/NCEP Reanalysis) are used to advect total 
ozone from the TOMS satellite with a time step of 6 minutes.  The forecasted ozone at each time 

step is used to calculate a new structure function, which is used to retrieve the vertical 
distribution of ozone from the total ozone satellite data.  The model has a horizontal resolution of 

T126 (1 ° x 1 °), and a vertical resolution of 18 sigma levels. 
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Figure 6.  Ozonesonde (red line), FSU model (black line), and ECMWF (green line) comparison 

at a) Kaashidhoo Climate Observatory on March 25, 1999, b) Samoa on March 21, 1999, c) 
Watukosek on March 3, 1999, and d) Fiji on March 1, 1999.  Ozone mixing ratio is in ppmv.
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CHAPTER SIX 
 

WIND and OZONE CLIMATOLOGY 
 

 

 

6.1 Seasonal wind features 

Features in the wind fields that may be important to chemical transport from the tropics to the 

subtropics are the ITCZ (Intertropical Convergence Zone) placement, the trade winds, and the 

subtropical high.  These principle large-scale features can be seen in the 200hPa streamlines.  

(Figure 7 a-c)  The ITCZ is an area of low-level convergence as well as the SPCZ (South Pacific 

Convergence Zone).    

Figure 7 and 8 show the streamlines for December-January-February (DJF), June-July-

August (JJA), March- April-May (MAM), and September-October-November (SON) at 200 hPa 

and 850 hPa, respectively.   In DJF (FIGURE 8a), the subtropical high of the Eastern (25N-30N) 

and Southern (25S-30S) Pacific and South Indian Ocean (25S-30S) are well defined.  The 

Northeast (NE) Trades are just north of the equator, while the Southeast (SE) Trades are just 

South of the equator.  It has been noted in Kistler et al. (2001) that during DJF, the SE Trade 

winds are weakened by prominent anticyclonic eddies, which could limit interhemispheric 

exchange at this level.  Strong low-level convergence occurs at approximately 10S, indicating 

the position of the ITCZ.  Farther south in the Pacific Ocean, some low-level convergence 

indicates the position of the SCPZ.  Flow over the Bay of Bengal is northeasterly crossing the 

equator into an area of low-level convergence.  Zonal flow over the equatorial Pacific is easterly 

where, the flow over the South-Atlantic is mostly easterly from the equator to approximately 30S 

turning north-northwesterly south of 30S.  In JJA (Figure 8b), the ITCZ migrates northward 

across the equator, and as indicated by the confluent streamlines, is located between 5N and 10N.  

In JJA, the subtropical highs become well defined, and carve out the NE and SE Trade winds.  
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Strong easterly flow over the equatorial Pacific persists.  The winds over the South Indian Ocean 

(~20S) are southeasterly turning sharply northward of the equator to west-southwesterly over the 

Bay of Bengal.  Over the Arabian Sea, at approximately 5N, there is convergence.  In MAM 

(Figure 8c), the subtropical highs become less defined, the flow over the Bay of Bengal makes a 

rapid change in direction, and flow over the Arabian Sea is westerly.  Flow in the equatorial 

Pacific stays the same, where in the South Atlantic; the northeasterly flow extends to 20S.  The 

location of the ITCZ as indicated by low-level confluence in the streamlines, is at approximately 

7S.  In SON (Figure 8d), major features are the subtropical highs positioned over the central and 

South Pacific, as well as the North and South Atlantic.  Low-level convergence is present just 

north of the equator in the Indian and Atlantic Ocean basin.  Cross equatorial flow in the Indian 

Ocean is weak, and is met by northerly flow from the Indian subcontinent at approximately 10N. 

In the upper levels (200 hPa), for the DJF season (Figure 7a), the flow is west to east north of 

20N and south of 20S.  Difluence, occurring at the outflow region of the ITCZ, is located at 

about 10S.  An axis of anticyclonic flow on either side of the equator between 120E and the 

dateline causes easterly flow from the western Pacific into the Indian Ocean.  In the upper levels, 

flow over the equatorial Pacific is reversed (westerly), and the flow over the South Atlantic is 

west-southwesterly.  In JJA (Figure 7b), a well-defined axis of anticyclonic flow located at 25N 

and 80E, causes north-northeasterly flow over the Indian subcontinent.  This flow crosses the 

equator turning northwesterly.  Westerly flow north of 20N and South of 30N persists, while the 

flow in the equatorial Pacific consists of counterclockwise eddies.  Difluence occurs at 

approximately 5N.  In MAM (Figure 7c), the anticyclonic flow westward of its position in DJF at 

10N-10S, causing strong easterly flow in the upper levels over the Indian Ocean stretching 

westward into the South Atlantic.  Difluence illustrating outflow of the ITCZ is located at ~7S, 

and the west to east flow persists north of 20N and south of 20S.  The flow during SON (Figure 

7d), is much the same as DJF.  Anticyclonic flow exists between 120E and the dateline causes 

the easterly flow across the Northern Indian Ocean.  The flow from this anticyclonic axis 

diverges into the Southern Indian Ocean.  The flow across the Pacific Ocean is mostly westerly, 

as is the upper level flow north of 30N and south of 30S.   
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6.2 Seasonal ozone features 

6.2.1 TOMS total ozone  

In general, total ozone from the TOMS satellite is at its relative minimum in the winter 

hemisphere and its maximum in the summer hemisphere.  Also, ozone is higher in high latitudes 

and lower in the low latitudes.  On average, global total ozone is approximately 300DU.  An 

ozone minimum (240 DU) occurs between 15N and 25N from 110E to the dateline in the 

northern hemisphere winter (DJF: Figure 9a).  An ozone maxima occurs north of 30N and south 

of 30S.  A relative minimum, between 240-260 DU, occurs across the 10N to 5N latitude belt.  

Over the western Pacific, this minimum stretches out over larger area from 25N to 25S.  In JJA 

(Figure 9b), an ozone minimum of 250 DU occurs in the South Indian Ocean, between 60E and 

80W, expanding from 10S to 25S.  Relative minima exist over Asia and the North Indian 

subcontinent at approximately 30N between 70E and 110E, as well as on the west coast of South 

America at 15S. 

In MAM (Figure 9c), the ozone minimum in the tropics stretches into the subtropics as in 

DJF.  However, the relative minimum around 240 DU, shifts from the Northern Hemisphere to 

the Southern Hemisphere, and stretches across the southern Indian and Pacific Ocean.  In SON 

(Figure 9d), the band of minimum total ozone in the tropics becomes less broad and only extends 

to 30N and approximately 15S.  Both the Northern Hemisphere and Southern Hemisphere have 

the second highest total ozone concentrations in SON.  The highest occurs during JJA.  During 

both seasons, strong ozone gradients exist in the Northern Hemisphere for SON and the Southern 

Hemisphere for JJA. 

 

6.2.2 Model ozone  

Selected levels of seasonal ozone are depicted in Figures 10 and 11.  The levels, 300 hPa and 

700 hPa, were chosen due to their importance to ozone transport.    The figures are shown on 

sigma levels, 0.3 and 0.7, respectively, and show the transport of ozone over high terrain.  This 

transport over terrain is only important to the 0.7 sigma level.  In general, the seasonal features 

shown in the model ozone are realistically assimilated and comparable to other tropospheric 

ozone climatology studies (Fishman et al., 1997; 2003; Thompson et al., 2003).  One of the 

major features is the difference between the two hemispheres.  The Northern Hemisphere (NH) 
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summer and spring show high ozone values at all levels (figure 10 and 11), where NH winter and 

fall show the lowest values of ozone.   

For sigma=0.3 (figure 10), the major feature is the subtropical jet in the Northern Hemisphere 

mid latitudes.  This feature is responsible for the intercontinental transport of ozone.  In general, 

the highest ozone values (0.2-0.24 ppmv) occur in June-July-August (JJA) over Europe and Asia, 

as well as the central tropical Pacific Ocean.  At this level, NOx produced from lightning has a 

long lifetime, and therefore has a strong impact on ozone formation.  This could be one 

explanation for the high ozone concentrations in the Northern Hemisphere summer when 

lightning is most abundant.  In December-January-February (DJF), March-April-May (MAM), 

and September-October-November (SON), these same regions have, relatively, the highest 

ozone.  This implies that if pollution coming from surface sources reaches this level, it will travel 

within a matter of a few days from continent to continent.  In SON, a maximum between 0.2 and 

0.24 ppmv exists in the equatorial Atlantic, which could be due to mixing of lofted biomass 

burning products as well as lightning activity near South America.  There is a relative ozone 

minimum in the tropics throughout all seasons.  This is due to the Intertropical Convergence 

Zone transporting ozone from the tropics to higher latitudes.   

For sigma=0.7, the highest regions appear to be nonspecific plumes downwind of North 

America, Europe and Asia during June-July-August (JJA) and March-April-may (MAM).  

Southern Hemisphere (SH) ozone enhancements (0.1-0.18ppmv) are seen during the September-

October-November (SON), which is the peak biomass burning season in South America and 

South Africa.  For the regions with extremely high ozone values (>0.18 ppmv) occurring where 

there is high terrain, keep in mind that this is a terrain following sigma level, and ozone increases 

as you move up in the atmosphere.  The lowest concentrations are observed over the western 

tropical Pacific throughout all seasons (0.02-0.04 ppmv).  In JJA (figure 11), highest values 

occur over the Middle East, Eastern Asia/Western Europe, and parts of the United States, as well 

as the North Atlantic and Eastern tropical Pacific.  Ozone mixing ratios are between 0.06 ppmv 

and 0.12 ppmv in these regions.  In MAM (figure 11) ozone is very similar to JJA.  In 

December-January-February (DJF) (figure 11), one major feature is the Southern Atlantic 

Paradox, which has been extensively studied as a phenomenon where there is higher ozone in the 

South Atlantic than the North Atlantic during DJF due to a combination of biomass burning 

products, lightning, and seasonal dynamics (Thompson et al, 2000).  Ozone mixing ratios at this 
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level are up to 0.08 ppmv.  Also, in DJF, the South African high ozone feature exists with ozone 

mixing ratios of 0.06-0.08 ppmv.  This has been studied extensively, and is produced by biomass 

burning products, and sinking air due to regional high pressure during this season (Chatfield et 

al., 1996).  In September-October-November (SON), a broad band of high ozone is observed in 

the model data over the Southern Atlantic as well as the South American continent (figure 11).  

SON is peak biomass burning season in this region, and therefore ozone precursors are very 

abundant.  The transport of ozone precursors off the coast of South Africa and Madagascar 

appears to have caused the ozone enhancements in the Southern Indian Ocean during this season 

as well.
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Figure 7.  Global seasonally ave raged streamlines at 200 hPa from the NCAR/NCEP reanalysis 
for a) December-January-February (DJF) 1999 and b) June-July-August (JJA) 1999.  Major 
features important to transport chemistry include subtropical highs, location of the ITCZ and 

SPCZ.  
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Figure 7.  (continued) c) March-April-May (MAM) 1999 and d) September-October-November 

(SON) 1999.   
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Figure 8.  Global seasonally averaged streamlines at 850 hPa from the NCAR/NCEP reanalysis 

for a) December-January-February (DJF) 1999 and b) June-July-August (JJA) 1999.  Major 
features important to transport chemistry include subtropical highs, location of the ITCZ and 

SPCZ.  
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Figure 8.  (continued) c) March-April-May (MAM) 1999 and b) September-October-November 

(SON) 1999.
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Figure 9.  Seasonally average ozone (Dobson Units, DU) from the Total Ozone Mapping 
Spectrometer (TOMS) for a) December-January-February (DJF) 1999, b) June-July-August 

(JJA) 1999, (figure is continued)
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Figure 9.  (continued) c) March-April-May (MAM) 1999 and b) September-October-November 
(SON) 1999. 
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Figure 10.  Seasonally averaged ozone at σ=0.3 for 1999.  This shows the seasonal flow of ozone 

over high terrain as well as over ocean.  Top left: December-January-February (DJF); Top right:  
March-April-May (MAM); Bottom left:  June-July-August (JJA); and Bottom right:  September-
October-November (SON).  Ozone mixing ratio is in ppmv. 
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Figure 11.  Same as figure 10 except at sigma=0.7. 
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CHAPTER SEVEN 
 

KAASHIDHOO CLIMATE OBSERVATORY: PLUME DAY 
 

 

 

7.1 Meteorological conditions during March 1999 

In general, there are four inflow channels reaching the Maldives that could be responsible for 

the equatorial transport of polluted air during March.  These flow channels are from 1) the 

Arabian desert region, 2) the Indo-Pakistan desert and Indian west coast, 3) Central India and the 

Ganges Valley, and 4) Southeast (SE) Asia (Krishnamurti et al., 1997; Verver et al., 2001).  The 

flow over the Eastern Arabian Sea near the surface is associated with the subtropical high over 

central India and SE Asia.  The flow from Arabia as well as that from central India over the Bay 

of Bengal is from the NE trades, and the flow from the east-northeast out of SE Asia is also 

present.  In March 1999, these flow channels varied in strength day to day from weak to strong to 

non-operative.  Verver et al. (2001) noted that seldom did these channels operate simultaneously, 

and that channel 1 was the most active during March 1999.  Channel 3, flow from the west Bay 

of Bengal, disappeared after March 26th when an anticyclone over the Central and East Indian 

region shifted to the central Bay of Bengal.  (See figure 12 and 13)  This redirected the flow from 

this channel to merge with the flow from Southeast Asia, which resulted in pollutants from 

central India and SE Asia to pass over southern India into the Maldives.  After March 27th, the 

formation of a weak cyclone near Sri Lanka may be responsible for bringing in fairly clean air to 

the KCO.  Figure 14 illustrates the vertical distribution of assimilated tropospheric ozone (ppmv) 

over the period of March 15th to the 31st, 1999.   Note the formation of both a low-level (700-850 

hPa) plume and a mid- level (500 hPa) plume.   
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7.2  Air mass origin: three-dimensional trajectories 

7.2.1 Background 

Trajectories are used to trace a parcel of air in time along a path.  From these calculations, it 

is possible to obtain the origin of a parcel of air that has a certain property or tracer component 

based on the principle that the displacement of the parcel of air will be produced by the 

components of the three-dimensional wind field (Krishnamurti and Bounoua 1996).  Horizontal 

and vertical displacements, Dx, Dy, and Dp, at any point along the trajectory for a short period of 

time are calculated using Newton's Law, and can be described as: 

 

Dx  = uDt + 0.5(ax)Dt2 

                 = 0.5(u + (u + (ax)Dt))Dt 
                = 0.5(u + u')Dt     (8.1) 

 
Dy  = vDt + 0.5(ay)Dt2 

                 = 0.5(v + (v + (ay)Dt))Dt 

          = 0.5(v + v')Dt                   (8.2) 
 

Dp   = wDt + 0.5(ap)Dt2 
                   = 0.5(w + (w + (ap)Dt))Dt 

                                   = 0.5(w + w')Dt     (8.3) 

 

where, ax, ay, and ap are the parcel's acceleration along the horizontal and vertical axes .  The 

prime terms u', v', and w' are the velocity components at the end of the trajectory (Krishnamurti 

and Bounoua 1996).  Initially, displacements are computed without acceleration.  The end point 

wind components are interpolated and used in equations 8.1-8.3; iteration of the equations 

improves the values of u', v', and w'.  The next point is calculated from the starting point by the 

displacement in the horizontal and vertical direction, Dx, Dy, and Dp.   

7.2.2 Trajectory Analysis   

Clusters of back trajectories ending at 500 (figure 15) and 700 hPa (figure 16) have been 

calculated from Kaashidhoo Climate Observa tory area (~5N, 73E).  Trajectories were calculated 

starting on March 31st back to March 21st.  At both levels, 10 day back trajectories show that the 

air mass has its origins in the Arabian Sea, then crossing over Northern India to Indochina, and 

ending near KCO.  In both cases, the pressure level remained approximately the same throughout 

the trajectory.  The next section will outline ozone precursors in the regions the air mass passed 

through. 
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7.3 Possible sources 

7.3.1   Nitrogen oxides 

Global NOx (NO+NO2) has various sources, including fossil fuel combustion, biomass 

burning, aircraft emission, microbial processes in the soil, and lightning (Tie et al. 2002, Grewe 

et. al., 2001).  Sources of NOx have been compiled from the Global Emission Inventory Activity 

(GEIA) data set (Benkovitz et al., 1996; Olivier et al., 1996).  This data set consists of annual 

emissions from fossil fuel burning (20.9 Tg N yr-1), monthly emissions from biomass burning 

(5.8 Tg N yr-1), soils (5.8 Tg N yr-1), and aircraft (0.6 Tg N yr-1).  Lightning contributes about 

16% (6.5 Tg N yr-1) to the NOx global budget, while fossil fuel and biomass burning contribute 

close to 70% of the NOx budget.  Figure 17 shows the global NOx budget.   

Measured concentrations of NOx have substantial spatial and temporal variability.  This is 

due to the fact that the local chemical lifetime of NOx is less than 1 day in the polluted boundary 

layer, and 5 to 10days in the upper troposphere.  The effect of lightning on the NOx budget is 

important to NOx in the upper troposphere, where the lifetime is longer.  Many studies have 

looked at lightning produced NOx (Price et al., 1997; Pickering et al., 1998).  NOx is produced 

primarily during the high-energy return stroke phase of the flash, and is 75-95% NO.  According 

to Price et al. (1997) cloud to ground (CG) flashes produces 6.7 x 1026 molecules NO per flash, 

where, intracloud (IC) flashes produce 6.7 x 1025 molecules NO per flash.  The IPCC report 

(2001) states that lightning produced NOx is still quite uncertain and is in the range of 2-20 Tg N 

yr-1, while other results have suggested 7.0 (Exhalt 1999), 3-13 (Holland et al., 1999), 3-5 

(Penner et al., 1999), and 5.0 Tg N yr-1 (Lee et al., 1997). 

7.3.2 Carbon monoxide  

The Intergovernmental Panel on Climate Change (2001) show that over half of the global 

tropospheric carbon monoxide emissions are from anthropogenic sources.  Anthropogenic 

sources include biomass and fossil fuel burning, therefore the Northern Hemisphere has higher 

CO mixing ratios than the Southern Hemisphere.  Figure 18 shows the relative distribution of 

tropospheric CO sources.  In situ oxidation accounts for 47% of the carbon monoxide present in 

the troposphere.  This includes oxidation of methane (795 Tg CO yr-1), oxidation of isoprene 

(268 Tg CO yr-1) and terpene (136 Tg CO yr-1), oxidation of industrial (203 Tg CO yr-1) and 

biomass (30 Tg CO yr-1) nonmethane hydrocarbons (Bergamasschi et al., 2000).  Direct 
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emissions of CO include vegetation (150 Tg CO yr-1), oceans (50 Tg CO yr-1), biomass (768 Tg 

CO yr-1) and fossil fuel (641 Tg CO yr-1) burning (Bergamasschi et al., 2000; IPCC, 2001).  

7.3.3 Ozone and precursors involved in the KCO plume 

It has been shown in the previous section that the air mass arrives at Kaashidhoo Climate 

Observatory after crossing Northern India and mixing with air from Indochina and SE Asia.  By 

looking at monthly analyses from the Max Planck Institute Chemistry Transport model, we can 

estimate the chemical constituents contained in this air mass.  Specifically, we should examine 

the NOx and CO concentrations in this region for March 1999 at 500 hPa and 700 hPa.  Figure 19 

and 20 show the concentration of NOx (a) and CO (b) at 500 and 700 hPa, respectively for March 

1999.  A maximum in NOx (0.1 ppbv) exists at 500 hPa (Figure 19a) over Indochina.  This 

maxima extends into China and SE Asia, and over the Pacific Ocean.  An air mass passing over 

Burhma at this level would contain NOx.  There is also a relative maximum in CO (120 ppbv) in 

the same Indochina region (Figure 19b), and therefore with both CO and NOx present, ozone 

formation is very fast.  It is possible that the air mass arriving at KCO could have contained 

ozone formed by the precursors in this region during the month of March.  Figure 20 shows NOx 

(a) and CO (b) from the MATCH-MPIC data at 700 hPa just above the boundary layer.  A 

maximum in NOx (0.07-0.09 ppbv) at this level exists during March 1999 across much of India, 

the Bay of Bengal, and Indochina.  A relative maxima of CO (160-200 ppbv) is present in this 

same area.  Figure 21 shows biomass fires counts for March 1999 from the Along Track 

Scanning Radiometer (ATSR).  This figure shows a high number of fires in the Indochina region 

as well as in Northern and Central India.  This could explain the high concentrations of CO and 

NOx.  Figure 22 shows the distribution of lightning during March 1999 from NASA’s Lightning 

Imaging Sensor (LIS).   The Indochina region experienced high lightning flashes during March 

1999 as well.  Lightning adds to the amount of NOx in the atmosphere, and is particularly 

effective in the upper troposphere, where its lifetime is the longest, in the formation of ozone.   
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Figure 12.  Streamlines in the INDOEX region illustrating the movement of an anticyclone over 
the Indian subcontinent and into the Bay of Bengal from March 23-28, 1999.  Streamlines are 

shown for 500 hPa. 
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Figure 13.  Streamlines in the INDOEX region illustrating the movement of an anticyclone over 
the Indian subcontinent and into the Bay of Bengal from March 23-28, 1999.  Streamlines are 

shown for 700 hPa. 
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Figure 14. Time-height distribution of assimilated ozone (ppmv) at Kaashidhoo Climate 

Observatory (4.966N, 73.46E) from March 15th-31st, 1999.  Assimilation resolves the double-
layered plume of ozone documented by INDOEX.
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Figure 15.  Ten day back trajectory ending at 500hPa near Kaashidhoo Climate Observatory 

(~5N, 74E).  Trajectory calculations from March 21-30, 1999.  The trajectory illustrates the air 
mass stays near 500 hPa throughout the 10 days. 
 

 
 
Figure 16. Ten day Back Trajectory ending at 700 hPa near Kaashidhoo Climate Observatory.  

Trajectory calculations from March 21-30, 1999, and stayed close to 700 hPa level reaching 
close to 800 hPa in the first few days. 
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Figure 17.  Relative percentages of global NOx (NO+NO2) sources.  Figures come from the 
Global Emissions Inventory Activity (GEIA) (Benkovitz et al., 1996; Olivier et al., 1996).  Note 
that NOx from lightning and soils is extremely difficult to quantify. 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
Figure 18.  Relative percentages of carbon monoxide (CO) sources over the globe.  Percentages 

come from the IPCC report (2001) and Bergamaschi et al. (2000).  In situ oxidation includes 
oxidation of methane, isoprene, terpenes, and non-methane hydrocarbons from industrial and 

biomass sources.  It is important to note that half of the CO sources are anthropogenic. 
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Figure 19.  Monthly averaged a) NOx and b) CO for March 1999 at 500 hPa.  Units are in ppbv, 
and data is from the Max Plank Institute chemistry transport model, MATCH-MPIC 

(Kunhikrishnan et al. 2004; Lawrence et al., 1999; and Von Kuhlmann et al. 2003a,b). 
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Figure 20. The same as figure 19, but for 700 hPa.
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Figure 21.  Biomass burning fire counts from the Along Track Scanning Radiometer for March 
1999.  Obtained from http://odisseo.esrin.esa.it/ionia/FIRE/.   

 
 

 
 

Figure 22.  Lightning flashes from the NASA Lightning Imaging Sensor (LIS) for March 

1999.   Obtained from http://thunder.msfc.nasa.gov/data/.
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CHAPTER EIGHT 
 

SOUTHEAST ASIA 
 
 

 
8.1 Background  

The intercontinental transport of air pollutants has recently been studied by several research 

groups (Heald et al, 2003; Jacob et al., 2003; Yienger et al., 2000; Fiore et al., 2002).  These 

studies have integrated observations with model outputs to describe and quantify Asian pollution 

outflow and transpacific transport.  These studies found that in as few as 4 days pollution from 

Asian can traverse the Pacific Ocean and be observed off the west coast of the United States.  

Elevated ozone levels (>70 ppbv) were found in tropospheric layers below 600 hPa during the 

TRACE-P field study (Heald et al., 2003).   

The major source of power generation in Asia is through coal burning in industrial 

applications, small domestic and commercial boiler and as a home heating fuel.  Biomass 

burning (deforestation and waste burning) is also a major source of Asia’s degraded air quality.  

In major cities, like Beijing, Hong Kong, and Shanghai, motor vehicle use is also a source of air 

pollution.  With the recent implementation of natural gas and catalytic converters Asia’s air 

quality has seen some improvements.   

 

8.2 Divergence of flux 

The velocity potential, χ, is calculated using the horizontal wind vector V by: 

where, D is the divergence of the observed motion field and O is ozone (Krishnamurti, 1971).  

Plots of the velocity vector, ∇χ, show east west, Hadley cell, and Walker cell circulations 

(1971), and plots of the divergence of flux of ozone (from equation 8.1), show regions where 

ozone is emanating from and being deposited.   In figure 23, the seasonality of this flux term is 
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shown.  Areas where ozone is emanating from are regions that are negative (cool colors), and 

areas where ozone is being deposited are positive (warm colors).  The plots have been scaled 

such that only the maximum values are shown.  In all seasons, a region of divergence of flux of 

ozone appears in the eastern foothills of the Himalayas.  These fields also show a persistent 

region of ozone divergence in south-central China and region of ozone convergence over 

Northern India.  When comparing this field to the divergence of flux of mass, the seasonal march 

of the monsoon is not seen in the ozone divergence field.  The monsoon migrates from the 

eastern Himalayan foothills in January to Indonesia in July, where as it appears as though ozone 

is stationary.  This implies that there is consistent ozone formation occurring in south-central 

China, and its deposition over Northern India.  Lee cyclogenesis is a predominant feature in the 

eastern China flow fields.  This, combined with their industrial nature, often leads to extreme 

high pollution events in this region.       

 

8.3 Trajectory Analysis 

Ten-day forward trajectories from an area in China, near 33N;102E, are illustrated in figure 

24 and 25.  These figures demonstrate the transport of an air mass at 300 hPa and 700 hPa, 

respectively.    These trajectories have been calculated from March 21st to March 30th, 1999.  An 

air mass at 300 hPa will travel via the subtropical jet from the east coast of Asia to the west coast 

of the United States in as little as 5 days.  An air mass at 700 hPa can reach the United States in 

as little as 8 days.  The lifetime of ozone and other pollutants at these levels is sufficient that this 

fast air transport could bring pollution from Asia to the United States.  Heald et al. (2003) has 

demonstrated the transpacific flow, and has seen through observations and models, that layers of 

enhanced ozone and carbon monoxide in the lower troposphere are transported across the Pacific 

Ocean, and reach the United States.  In their study, they found that the pollution reaching the 

United States showed evidence of contribution from recent biomass burning events.  They also 

discuss the pollution reaching the United States in the upper troposphere had its origins in SE 

Asia from lofting of surface sources.  All of the above is evidence that more research is needed 

in this region. 
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Figure 23.  Divergence of flux of ozone for each season.  Units are ozone (ppmv) s-1.  Negative 

values indicate divergence and positive values indicate convergence.  Top left:  December-
January-February (DJF); Top right:  March-April-May (MAM); Bottom left:  June-July-August 

(JJA); Bottom right:  September-October-November (SON). 
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Figure 24.  Ten day forward trajectories from an area in China near 33N and 102E starting at 300 
hPa from March 21 to March 30, 1999.   

 

 
Figure 25.  Ten day forward trajectories from an area in China near 33N and 102E starting at 700 

hPa from March 21 to March 30, 1999.
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CHAPTER NINE 
 

CONCLUSIONS 
 

 

 

9.1 Discussion and conclusions  
 

We have designed a 4-dimensional Eulerian advection scheme for the assimilation of 

tropospheric ozone.  By using the three-dimensional meteorological wind field, the scheme is 

able to simulate seasonal features, as well as daily vertical profiles in the lower and mid-

troposphere.  The data has been compared to ozonesondes as well as the European Center for 

Medium-Range Weather Forecasting ozone data assimilation.  Comparisons demonstrate the 

FSU Eulerian assimilation captures mid and low-level tropospheric features.  Also, the 

assimilation is able to realistically illustrate the upper tropospheric and stratospheric ozone, 

however, due to vertical resolution limitations; there is often an over/under estimation of ozone 

in the upper levels. 

We have examined the dynamical properties of the two-layered plume documented at 

Kaashidhoo Climate Observatory (KCO).  The assimilation shows ozone being advected from 

SE Asia and Indochina over southern India into the Maldives and eventually ending up near the 

ITCZ.  Flow patterns for March 1999 were not typical, and it has been noted that a low-level 

anticyclone moved eastward towards the Bay of Bengal diverting the large-scale flow pattern, 

and causing air masses at KCO to have their origins in Indochina and SE Asia.  This is further 

illustrated through the use of trajectory analyses, which show that the air mass at KCO in late 

March have origins from the NE bringing ozone produced possibly by biomass burning products 

in Northern India and Indochina. 
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We have also examined the field of divergence of flux of ozone for different seasons during 

the year 1999.  These fields show a persistent region of ozone divergence in south-central China 

and region of ozone convergence over Northern India, indicating a consistent source of ozone 

production in south-central China, and a consistent deposition of ozone in Northern India.  We 

have also compared the fields of divergence of flux of mass with the divergence of flux of ozone.  

We note that the divergence of flux of mass moves with the seasonal march of the monsoon (i.e. 

For Indonesia in January to the eastern foothills of the Himalayas in July).  A strong maximum 

divergence of flux of ozone stays over china (with a strong convergence of flux of ozone over 

northern India) over all seasons.  This quasi-stationarity of the source of ozone is strongly 

suggestive of ozone production over China and its deposition over India.  

Trajectory analyses show that pollution produced in the region can be transported across 

the Pacific Ocean to the West coast of the United States in as little as 8 days.  Pollution lofted to 

the upper levels will travel in less than a week.  Further study is needed to assess the air quality 

around the Himalayan region.  It would be interesting to note the combination of dynamical and 

chemical processes, which lead to such extreme and consistent ozone production in China. 

 

9.2 Future work 

9.2.1 Model scheme improvements 

One major way to improve the model results is to increase the vertical resolution.  Currently, 

the model’s upper limit is 10 hPa, and it should be noted that there is a substantial amount of 

ozone existing above this level.  The vertical distribution of ozone would be improved, including 

the upper troposphere and stratosphere, by adding vertical levels up to at least 1 hPa.  Another 

important improvement is in the satellite data.  One major limitation of TOMS data lies in the 

ozone retrieval when clouds are present.  The algorithm currently uses the radiances up to the top 

of the cloud, and uses climatology below the cloud.  A technique called cloud clearing should be 

used in the case of clouds to improve retrievals in convective regions.  The initial ozone data 

could be improved by including other satellite ozone data sets such as SBUV, TOVS, HIRS, and 

SAGE.  A new version (version 8) of the TOMS data will be released this year, and includes a 

more sophisticated aerosol contamination algorithm.  This would be beneficial in improving 

ozone distributions as well. 
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Also, another limitation of the model is that it doesn’t include chemistry.  By including even 

a simple offline chemistry scheme, we could obtain a diurnal cycle for ozone, and improve 

vertical distributions to include extremely short-lived precursors. 

9.2.2 Production calculations  

Considering a atmospheric parcel box, Figure 26 and using the lateral and vertical flux of 

ozone into and out of this box, we can calculate essentially production of ozone coming from 

surface sources by way of equation 9.1: 

 

 

 

 

where, P, is ozone production, the first term on the right hand side is the local change of ozone 

with in the box, the second term is the lateral flux of ozone into or out of the box, and the third 

term is the vertical flux of ozone into or out of the box.  These calculations would be completed 

in the lower troposphere (below 700 hPa) as were the divergence of flux calculations.  

 

 

 

 
 
Figure 26.  Air parcel “box” illustrating that by knowing the lateral and vertical flux of ozone as 
well as the local change of ozone inside the box, we can calculate the production of ozone 

coming from the surface.  See equation 9.1 in text for terms. 
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