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Abstract

Three topics that are outstanding issues in ozone research were discussed in this
study.

First, physical models of two primary atdard instruments for total ozone
measurements (the Dobson and Breasonespectrophotometsy were developed to help
better understand the effect of stray light on ozone measurerii@ptsnodels shoad that
the error caused by stray light for a typisaigle Brewer at large ozone slant paths can be up
to 5%, and up to 25% for typical Dobsoninstrument For the first time, newozone
absorption coefficients were calculated for the Brewer and Dobson instruments taking into
account theeffect ofstray light.

MAESTRO is a moderateesolution spectrometer onboard SCISAT satellite since
2003. The @ absorption bandare used by the MAESTR£trieval to retrieve pressure and
temperature profiledn this study he MAESTROp-T retrieval software was updatedings
the improved @ spectroscopic parameters from HITRANigh-resolutiontransmission
molecular absorption database) 2012 databBlse MAESTRO preliminary {1 retrievals
were reprocessed using thedated softwarand compared with the AGETS (Atmosphec
Chemistry Experimenit Fourier Transform Spectrometer) profiles and the processed results
with HITRAN 2004. The analyses shedpromising improvement® the pT profiles below
50 km from the use of HITRAN 2012arametersNew pT profiles are capabletbe used
for the MAESTRO tangent height determination which nsatee MAESTRO products
independent fronACE-FTS pointing information and aldeads to an improvement of the

retrievals of other atmospheric constituents from the MAESTRO instrument



Finally, auniqgueobjectivemethod(The Differential Back Trajectory (DBT) methpd
was developedising the data collected at a network of ozonesonde tsitesaluate the
contribution of fire ozone to the tropospheric ozone budget. ozoneaccountedover 18
sites, located across Canada and the ,UuSing the DBT method andhore than @00
ozonesonde profiles collectedlring summer time of 2006, 2008, 2010 and 2011e Th

analysis showed that ozone amounts at sites nearer to the large fires were less influenced by

the fires.
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Figure5.23: Average enhancement in B km and tothtropospheric ozone column (TTOC),
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Figure5.24: Cluster means calated using profiles measured during the summers of 2006,
2008, 2010 and 2011. Battajectories calculated for parcels ending at 5 km at Yarmouth.

Figure 5.25: Backtrajectories for two ifferent paths classified using HYSPLIT clustering
analysis for Yarmouth and Sable Island. The Yarmouth cluster means can be seen in
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1l ntroducti on

Ozone plays a significant role atmospheric chemistry, climate and air qualitiie
existence ofozone and its presence in the atniesp were discovered by the German
chemist C.F. Schembein in 1839 Schoenbein1850] Soon after Hartley [1881] identified
its UV spectrum and its rolesa UV filter in the atmosphere. While the stratospher@he
flozone layad) ozone absorbsmost of the harmful solar ultraviolet (UV) radiation and
protects | i f e [&tutzep IO&0] ik the uppgerdreposphene,fozoceactsms a
important greenhouse gfSorster et al, 2007]and at the surface it is an air pollutant with
adverse impacts on human hedmenberg et al.2010;Bell et al, 2004;Lippmann 1991,
McConnell et al. 2002]andplant physiology Darrall, 1989;Kangasjarvi et al. 1994]

The first instrument for routine atmospheric total column ozone measurements was
developed byGordon M.B. Dobsonn 1930s [Dobson 1931] In 1957 a global network of
total ozone monitoringtationswas estalihed as a part of International Geophysical Year.
Sincethe 1970s, it has been recognized that stratospheric czeme&epleted byhe release
of a number of manmadehemicals[Crutzen 1974;Lovelock 1974;Rowlandand Molina,
1975; Stolarski and Cicerone 1974] Ozone depleting substanc€®DSs) which are

responsible fothe observed ozone depletion (e.g. in Pokgions;theii Oz one Hol e 0
1
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Antarctica)[McElroy et al, 1986;Tung et al. 1986] are produced in the troposphexred
because their atmospheric lifetimes are long compared with the time needed to reach the
stratosphereare able to be transported irttee stratosphergLovelock 1974} In 1987, the
Montreal Protocolwas adopted to control the substances that deplete the azahe
stratosphere According to the Montreal protocol and its subsequent amendments and
adjustments, many natior the world agreed toreduce their use oODSs[ i Mont r e a |
protocol on substances that deplete the ozopeela , 0. Sdvé&d Stydies hawaiggested
that the ozone decline has stopped nearIARDs[Liu et al, 2013;Newman et a).2004;
Weatherhead@nd Andersen2006;Yang et al. 2005} Now, nearly 20 years after the peak of
ozone depleting substances in the stratosphere, idegtifiye ozone recovery, trends and
theirimpacs on cimate are important

Ground based measurements have had key rdteirecognition of ozone depletion
and understanding treffectsof ODSs on the global ozone layer, starting betbessatellite
eraand continuing tahe present dayGroundbased instrumentwith excellent longerm
stability and accuracy are still essential ttack the calibraion of spacebased ozone
measumg instrumentUndersandingthe uncertainties othe measurements usinground
and spacéasednstrumentss a matter of utmost importanéer ozonestudies Two primary
ground based instrumentsh¢ Brewer and Dobsorspectrophotometer§Brewer, 1973;
Dobson 1931) for total ozone measurements are modeled in tegearchto better
understand their behaviors especially at lawgene slant column amourds in the Arctic
and Antarctic

In addition, improvements to theetrieval algorithm of a spacéased instrument

Measurement of Aerosol Extinction in the Stratosphere and Troposphere Retrieved by



Occultation (MAESTRO)MCcEIlroy et al, 2007] on boardthe Canadian SCISAKatellite
havebeendeveloped

One of the major sources of tropospheric ozone informatioalkonborne
ozonesonde A clear understanding of ozone production in the troposphere is increasingly
important due t@woncern abauair quality[Baylon et al. 2015;Cooper 2010;Huang et al.
2013; JaffeandWigder, 2012;Mckendry et al.2011;Monks et al. 2009;Parrington et al,
2012;Teakles et a).2016] While wildfires generatsubstantiahmouns of ozone precursors,
O3 production from wildfires have been poorly understasget [Jacob et al. 2010; Jaffe
and Wigder, 2012;Palmer et al. 2013;Parrington et al, 2012; Pfister et al, 2008] With
climate changethe frequency and intensity of boreal forest fires is likely to incrpagkett
et al, 2004;Westerling et aJ. 2006] In the research presented here the impact of boreal
forest fires on tropospheric ozohasbeenstudied using higiverticatresolutionozonesonde

profiles

1.1 Ozone climate and air quality

Atmospheric ozone and Climate change are closely couptethe stratosphere,
ozone decline due to emissions of anthropogenic cdepé&ting substances (ODS) and
recovery from the depleted state as ODSs deciasalts in temperature and circudet
changedGillett and Thompson 2003; WMQO, 2010] The effect of ODSs on stratospheric
ozone can clearly be seen in taenual appearance of thentarctic ozone hole. Severe
depletion of Antarctic ozone hascurred since 198Without exceptionin every yeaduring

theaustral springtimé¢Figure1.1).
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Figure 1.1: Antarctic total column ozone values on September 14, 2013 as measured by satellite.
Severe ozone depletion (ozone hole) occurs every spring (white line). Minimum values inside
the ozane hole are about 100 Dobson Unit (DU) compared with normal Antarctic springtime
values of about 350 DUThe white line outlines the ozone hole area defined as the geographical
area within the 220DU contour on total ozone mapgWMO, 2014]

The average total ozone column in October has been about 40% below the values of 1980
resulting in 5585% larger average erythemal UV measurethaSouth Pole. The annually
averagd total ozone has decreased about T6es1979 as result of ODS emissigigMO,
2006]

Cooling in the lower and upper stratosphere has been linked to ozone changes.
Between 1980 and 1995 the global average temperatuihe lmiwer and uppestratosphere
decreased by-2 K and 4 to 6 K respectively and since then it has remained constant mainly
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due todecliningozone depletion and increasing £€émissiongIPCC, 2013;WMO, 2010]

Stratospheric temperature changes resulted from ozone lssAntarctic arecaused by the

observe changes in Southern Hemisphere tropospheric circulation with associated impacts

on surface climate and ocedfurthemore, it is expected that ozone recovery otlee next
50 yearswill influence the Southern Hemisphere climate and ocddhsl_andress et al.
2011;Polvani et al, 2011;WMQ, 2014]

Ozonein the trgpospherds also an important shoitived climate pollutant. Ozone
absorbs infrared radiati on e nthetttategpheré and m

troposphere an$ the fourth most important greenhouse gas after water vapO)),(€arbon

dioxide (CO,) and methane (CHl These gases have a laigBuenceont he Ear t hos

budget[IPCC, 2013; WMQO, 2014} Therefore, ozone changes and variationdath the
stratosphere and troposphere influence climate.

Many of the ODSs and their substitutes po¢entgreenhouse gas¢iPCC, 2013;
WMOQO, 2014] As a result changes tahese gsesi increasing in the past decades and
decreasing in response to compliance with the Montreal Pratobaturei influenceglobal
warming. The contribution of halocarbon$ODSs are the halocarbons controlled under
Montreal Protocol)to climate forcing is the fifth largest forcing after carbon dioxide,

methane, tropospheric ozoard water vapdWMO, 2014]

Climate change also influences ozone changes in both stratosphere and troposphere.

Themid to upper stratosphere cooling has been related to increases in Carbon diox)de (CO
via radiation to spadéshine et al.2003;Thompsonteal., 2012] Stratospheric coolinglows

down the gagphase destruction of ozone resultingamozone increase middle and upper

t

h €
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stratosphere which will slightly reduce the coolingeturn[BrasseurandHitchman 1988;
WMO, 2014]

Tropospheric changes also affect stratospheric ozone levels. More methape (CH
production in the troposphere leads to more methaney)@Bnsportation to the stratosphere,
where the active chlorine that destroys ozone is converted to inactive hydrogen chloride
(HCIl) as a result of the reaction with methajieevell et al. 2012] With a similar
mechanism, nitrous oxide ¢N) variations can influence ozone destruc{iBortmann et al.
2012][Details inChapter 2]

Climate models suggest that increasing greenhouse gases will likelytdead
redistribution of ozone within stratospherelecreases in column ozone in the tropics and
increases elsewherevia acceleration of the stratospheric BrevMmbson circulatiorjDiallo
et al, 2012] The projectedacceleration ofBrewerDobson circulabn along with ozone
recoverywill lead toincreasd transport of ozone frorthe stratosphere intthe troposphere
[RandelandThompson2011;Sioris et al, 2014}

Ozone in the troposphere is a principal factor in air quality, due to its effects on
human respiratory healfBell et al, 2007;Jerrett et al, 2009;Lippmann 1991;McConnell
et al, 2002] It is also responsible for significant damage to forestscamas[Avnery et al.
2011; Mauzeralland Wang 2001} Climate change influences tropospheric ozone as well.
Redistribution of the stratospheric omo due to the acceleration of Brev@obson
circulationwill affect tropospheric ozone via changing theflix att he Eart hds sur:
thusthe photolysis ratefTang et al. 2011] Changes in the UV radiations algall have

impacs on air quality via influencing the chemically active tropospheric spECaas et al,



2011;WMQ, 2014] Further itwill affect the lifetimes of chemically active greenhouse gases
such as methari&oulgarakis et al.2013;WMQ, 2014]

The frequency and intensity of forest fires is likely to increase asudtrof climate
changelt has beershown thathe frequency of fires ovehe area burned for Canadian and
US forests is related to an increase in temperature and reduction of moisture at the area of
interest[Kasischkeand Turetsky 2006; Westerling et aJ.2006] Climate change is the key
factor in explaining changes in fire frequency and intensity over recent d¢Gilliets et al,
2004;Westerling et aJ.2006] Forest fires generate large amount of ozone precursors such as
carbon monoxide, volatile organic compounds and nitrog&tesxt is very likely thatfires
contribute to exceedans®f the ozoneair quality threshold concentrations via production
and longrange transport of £and its photochemical precurs¢daffe et al. 2004;Jaffeand

Wigder, 2012;Mckendry et al.2011;Teakles et a].2016]

1.2 Objectives

Dobsonand Brewer spectrophotometers are the primary standard instruments for
groundbased ozone measurements wunder the World
Global Atmosphere Watch program. It has been known that the Brewer and Dobson ozone
measurements suffer from ntinearity due to the presence of stray light caused by scattering
from optical elements within the instrumen®asher 1982b; Fioletov et al, 2000] The
target accuracy for groudshsed ozone measurements is 1% while the error at large ozone
slant paths can be up to 8% for the single Brewer and up to 20% for Dobson AD pair

measurement$Basher 1982b] This error restricts measurements at hightudés, like



Arctic stations, particularly in the late winter and early spring when the ozone cahann
SZA arelarge.One of the objectives of this research is to understand, analyze and document
the error caused by the stray lighBrewerand Dobsormzone masurements.

MAESTRO (Measurement of Aerosol Extinction in the Stratosphere and Troposphere
Retrieved by Occultation) is a UVisible-NIR, low-resolution spectrometer dyoard the
Canadian satellite SCISAT as part of the Atmospheric Chemistry Exper(®€E) mission
flying along with a Fourier Transform Spectrometer (the AEES) since 2003McElroy et
al., 2007] The MAESTRO retrieval is able to determine pressurgemgerature profiles by
using the measurement o & andB- bands as the mixing ratio of the oxygen molecule is
known and constant in the troposphere and stratospNerelan et al. 2007] An analysis
using simulated data demonstrated the capability of MAESTRO measurements to retrieve
p-T profiles [Nowlan et al. 2013] The HITRAN2004 (highresolution transmission
molecular absorption database) was used as a source for spectroscopic parameters for the
retrieval forward model. ©band spectral features have been significantly improved in recent
update of HITRAN (2012)[Rothman et al. 2013] Analyzing the impact of different
HITRAN datasets on MAESTRO-P profiles retrieved using data acquired by the satellite
instrument ororbit is another objective of this resear@urrently, the MAESTRQetrievals
rely on the pointing information provided by the AGES pT profiles. As a result any
ACE-FTS poor retrieval dactly impacts the MAESTRO profile. Ideally MAESTRO must be
completely independent from the AGHS. Accuratepressure profilexalculated from @
bands can be used to determine the pointing informationthBaeriMAESTRO whichwill

eventuallylead to the imprvementof MAESTRO ozone profiles and other constituents.



Tropospheric ozone @Pis an importantir pollutant,in addition to its welknown
effects on crop production and human respiratory h¢alhery et al. 2011;Jerrett et al,
2009; Lippmann 1991] Wildfires generate large amounts of @recursorgAndreaeand
Merlet, 2001; Crutzen et al, 1979] and a number of studies suggest that the fires can
contribute to exceedance of theg @r quality threshold concentrations via production and
long-range transport of £and its precursorglaffeandWigder, 2012;Mckendry et al.2011;
Teakles et al.2016] On the other hand, the frequency and intensity of forest fires is likely to
increase over CanadadchbdS as a result of climate char{g&llett et al, 2004;Spracklen et
al., 2009;Westerling et a).2006] Different approaches and datasets used to study the ozone
production from boreal fires appear to gigenflicting results[Jaffe and Wigder, 2012]
While dozens of studies suggest some degf@zone production by wildfirelffister et al,
2006; Real et al. 2007; Singh et al. 2010] a number of observations, mainly in boreal
regions, show that £s minimally enhanced or even depleted downwind of some biomass
burning plumedqAlvarado et al. 2010; Jacob et al. 2010] Using several hundred ozone
profiles collected at regular Canadian ozonesonde sites and through a number of campaigns
during June to August 2006, 2008, 2010, and 2011 rélsisach presentsa new methodto
estimatethe firegenerated ozone budget in the total tropospheric ozone caantime last
objectiveof this thesisThis is a unique methoi@r evaluating the contribution of fire ozone

to the tropospheric ozone budget assiés a network of observing sites at fixed locations.



1.3. Scientific contributions

To achieve the objectivethis research was designed in three parts:

1. Error analysis of Brewer and Dobson ozone spectrophotometers, the primary

standard instruments for groubdsed ozone measurements;

2. Improvements to the AGRIAESTRO satellite measurements;

3. Estimating boreal firggenerated ozone over North America using ozonesonde

measurements.

Physical moded of the Dobson instrument and two types of Brewer
spectrophotometarere developedoy meto help better understand the effects of stray light
on ozone measurements. The influence of other assumptions such as fixed ozone layer height
in air mass calculations and its error contributions to the ozone retrieval also have been
examined.The data collected by a Brewer MKIII and three Dobson collocated at South Pole
station also compared to characterize the effect of stray light on the instrument
measurementsA manuscript on this study is completed and will soon be submitted to
fAtmospheric Measurements and Techniques

| also spent some time to analyze the Brewer data collelojed?2 instrumentsat
X Inte-ComparisonCampaign of the Regional Brewer Calibration Ceifterope Huelva,
Spain, 2015and also the datacollected at thee Arctic sites (Resolute, Egbert, and Alert)
since2004 to characterize the effect of stray lighthese studiewere not included in this
thesisandmay leado future publications.

MAESTRO preliminary pressw€emperature retrieval had been developed b
Caroline Nowlan[Nowlan 2006} The HITRAN 2012 database was implemented into the

code by meMore than80 p-T profileswere reprocessed using the HITRAN 2012 database
10



andHITRAN 2004 using most recent pointing information provided by ATIES retrievals.
Three subsets of profilagsere compared witithe coincidentACE-FTS profiles.The results
of thisreseamh areinpr ogr es s t o Jownal pflQodntitativie 8pectrascopyiand
Radiative Transfear .

A trajectorybased method which calculates the average ozone difference between
fire-affected and firaunaffected layers at each sitedsveloped by mys$eand presented
here Suspected stratosphericT{Sntrusions are removed from the ozone profiles to avoid
potential biases fronBT ozone The average difference between ozone concentsation
associated with firaffected and firainaffected parcels at daindividual site is estimated
using backrajectory calculations (employing HYSPLIT, The Hybrid SinBlarticle
Lagrangian Integrated Trajectory model) and MODIS (MODerate Image Spectroradiometer)
fire data. The possibility that potential regional biasethe origins of fireaffected and non
affected anparcelsinfluenced the results addressed bseveral methods includirg cluster
analysis of the baettajectories such effects are shown to be sma@l manuscript is in
preparation from the resultso t hi s resear ch and AtmodpHercbe s o
Chemistry and Physios.

In addition, I contributed to generation ofglobal ozone and carbon monoxide
climatology datasetslerived from trajectory mapping of ozonesonde and MOZNGOS

data[Liu et al, 2013;Liu et al, 2013;0sman et a).2016]
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1.4. Thesis outline

This chapter presents an introductionie tlimate change and ozone interactitas
are thescientific motivation of this research. The principles of atmospheric chemistry and
physics applicable to this work are provided in chapter 2. The description of the Brewer and
Dobson instruments alongith their retrieval algorithms are provided in ChapteiS8ay
light and stray lighteffects arealso described orChapter3 and the physical models of the
Brewer and Dobson instruments are presented. Comparison between the coincident total
ozone measumeents collected by three Dobson instruments and a double Brewer Mark i
collocated atAmundsenrScott (South Pole) site is provided in Chapter 3 as well. Chapter 4
describeshe MAESTRO instrumentlong with a discussion about the retrieval theory used
to perform pressureemperature retrievals, including the retrieval methodology implemented.
The improvements of oxygen parameters from HITRAN 2012 are discussed and compared
with data fromHITRAN 2004. The retrieved-p profiles using HITRAN 2012 are compdre
with previously retrieved profiles using HITRAN 2004 and with coincident AJBS
profiles. Chapter 5 describes tlmzonesonde instrumerdnd discusses new method
developed to estimate fire generated ozone over Northern Amériea. empirically
calculaed ozone enhancements over sit¢s across US and Canaal® also discussed in
Chapter 5The results of this thes and outlines and recommendations for future work are

summarized in Chapter 6.

12



2At mospheri ¢c Physics a

2.1 Atmospherevertical structure

The general vertical temperature profile of the atmosphere is depickeguire 2.1.
The Earthés atmosphere could be divided 1int
profile. In the lowest part of the atmosphere, caltbd troposphere, the temperature
decreaseson averagefrom about288 K at the surface to about 220 K aptof the layer
which is calledthe tropopause with approximate heigianging between 8 and 18 km
depenthg on the latitude[Liou, 2002] The typical lapse ratdthe rate at which the
temperature changes with height)the troposphere is 6.5 K kimThe second laygabove
the tropospherds calledthe stratospherandis characterized bg roughlyisothermal layer
from tropopause up to about 20 km then an increase in temperature up to 27he&K at
stratopause. Thiss the layer in which ozone medominantlyproduced resultingn radiation
absorptionand increasing the temperature. The stratosphere is mainly affected by absorption

of solar ultraviolet radiation by ozone aimfrared energy emittebly carbon dioxide.
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Figure 2.1: Vertical temperature profile for standard atmosphere as defined byUnion of
Geodesy and Geophysics (IUGGData from US standardAtmospherg1976].

The temperature decreases with respect to height between about 50 and 85 km in
mesosphere. Above this layer temperatures increase and range b&6@emmd 2000 K,

depending orsola activity [Liou, 2002]

2.2. Atmosphericradiativetransfer

221Bl ackbody and Pl anckdés Law
The concept o blackbody is useful to better understand the interaction of radiation

with the atmosphere. A blackbody is any olijeébat absorbs all incoming radiation. The
14



emission from the wall of a blackbody depends on the rate of absorption and the temperature
of the mediumin which the emission and absorption reach an equilibrium condRianmck

[1901] explained the emissiondm the wall of a blackbody by assuming the atoms of the
wall are small electromagnetic oscillatorand each of which oscillates ata specific
frequency. Thusaccording tahe Planck thefunction describingthe average energy emitted

per oscillator in units of energy penit area perunit time per frequencynterval per unit

solid angle is expressed as:

(2.1)

Where is the frequency of the oscillat¢eX_), hi s P 1 an c kldiss cBmlstt zama n n
constant, c is the speed of lightyd T is the temperaturBy integrating the Planck function
over all frequencies the energy flux or the power emitted per unibgradlackbody can be

obtained

1 G (2.2)

WhereF is irradiance and, is the StefarBoltzmann constaniThe Planck Law which is
illustrated as Eq(2.1) indicates that theadiant intensityemitted from a blackbodyn
thermodynamic equilibrium conditiodepends on the dguency of the radiation and the
temperatureof the mediumT he ear t hdés thdrmodysgmitequilieium up toi n
about 6670 kmso that the Planck and StefBoltzmann laws are valid for all molecules in
the atmosphere up to that leyelou, 2002]

The radiation emitted from the Sun covarwide range of wavelengths from gamma
rays to radio wavedtigure 2.2 shows the solar spectrum the top of the atmosphere as

function of wawelength. The Planck function for a medium with a temperature of 5800 K is
15
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Figure 2.2: Solar spectrum at top of the atmospherd ASTM, 2014] The flux for a blackbody

with a temperature of 5800 K is alsshown

The emission spectrum tfie Earth is very close to the spectrum emitted from a blackbody
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[Liou, 2002] Not all emitted radiation from the sun reastthe surface of the Earth.
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Radiation can be absorbed, scateor re-emittedfollowing interacton with theatmosphere.

Figure2.3 shows the attenuation of a ray after passing through a thindayesphere

I(0)

I (s)

Figure 2.3: Change in intensity of traveling radiation through a path of lengthS.

2.2.2 Atmospheric absorption
The BeerBouguerLamberb s obmawBeer 0s | aw descri bes

radiation due to an absorbing medium after propagating through a seQrzemnt
m, Lbgd vMy (2.3)

WhereOis the radiance) i is the number densityn( unit of molecules per unit voluhe
and,, is theabsorptioncross section (in urstof effective absorptiorarea per molecule) of

the material. The absorption, emission and scattering featuresiafiam are characterized
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by the wavelength dependence ofdtess section function. Assuming the incident radiation,

On, travels through a path of I ength S, the

b4 & HoOTwy (2.4)

wheret _ is the optical depth:

WY 'a,ﬂ vl y (2.5)

2.2.3 Atmospheric scattering
Rayleigh scattering
Scattering of light by the atmospheric pads and molecules strongly depends on the
ratio of the particlesizeto the wavelength of the incident radiatidine physical law of light
scattering by the small particldg” ¢j _L p, where® is the radius of particlels first
discovered byRayleigh[1871] The Rayleigh scattering is applicable to the scattewig
sunlight by the air molecule$Bates 1984; Bodhaine et a). 1999; Liou, 2002; Penndorf

1957] The Rayleighscattering cross section per molecule is defined as:

qr 3 26

where N is the molecular number density amd is the refractive index of air; the
term z7 Z is called the depolarization term or the King factor and represents
the anisotropic property of molecules;is the depolarization factoThus the scattering

optical deptHor entire molecular atmospheran be calculated as
Wt qyd ., 2.7)
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Therefore, the Rayleigh scatteg optical depth depends on the total nundfenoleculeper
unit area in the column above the siéed this depends on the presséme.approximation
expression for Rayleigh optical deph the standard pressui, = 1013.25hPg usually is
used foratmospheric research. The one that was suggbgtethnsenand Travis [1974] is

as

Wy af 8 )4 8 1 8 )4 (2.8)

The scattering optical depth above any pressure [Byegn be found from:

Wi At % (29)

Mie scattering

For the large particlesvhose sizes are comparable or larger than the wavelength
(¢* &3 _ p) such as aerosols the scattering is governedibytheory. It is very difficult to
calculate the exact optical properties of aerosols without a knowledge of the nature of
aerosols and usually an approximate expression is used for aerosol scattering. One of the

commonexpressionss theAngstromapproximation:

Wy #y¢y ” (2.10)
where A is Angstrom turbidity coefficient which represents the amount if aerosol in the

atmosphereB is the wavelength exponent with a typical value betweerl 3.5
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2.3. Atmosphericchemistry ard composition

2.3.1 Atmospheric composition of the Earth

The dvy air is conprised of mostly nitrogen (78%9xygen (21%)andargon (0.8%)
with constant volume ratios up to an altitude of about 60[kiou, 2002] The remaning
0.04% consiss of several differentracegasesncluding carbon dioxide (C¢), ozone (Q),
nitrous oxide (NO), methane (CkJ, and watewvapour(H,O) (ranging between 0 td%),
which despite theilow concentrationgplay animportant role in thé&art h radsation budget.
These gases absorb infraradiiationemittedatt h e E a r t &nd eemd aisigriifiaacite
amount of radiatiorcausing thegreenhouse effet

The concentrations of trace gases change in response to human actetasing
to IPCC fifth assessment repothe concentrations of greenhouse gases have increased
dramatically since Industrial revolutigfPCC, 2013} Carbon dioxide is the most important
greenhous@as[IPCC, 2013] Observationsndicatethat theconcentration ofCO, hasbeen
increasing as a result of fossil fuel combustimoderated byphotosynthesis, and absorption
andrelease by ocean&orster et al, 2007] Increasing C@has also impact on stratospheric
climate. Modeling studies suggest that carbon dioxide increasing leads to a cooling of the
stratosphere resulting in a reduction of temperature depeodene loss processes and thus
increasng the upper stratospheric ozopBrasseurandHitchman 1988;Pitari et al,, 1992]
However, cooling in thérctic stratosphere has the opposite effect by increasing the volume
of air that reaches temperatutesy enough tosupport the formation of polar stratospheric
clouds and prime the system for rapid ozone loss in the late winter and early spring.

Methane is the second most important greenhouse[l§&C, 2013] There is

evidence thathie concentration omethanetodayis more than 2 times greater than that of
20



preindustrialtimes pre 1750) [Hartmann et al. 2013] CH, is a longlived gas (with a
lifetime of 912 years)emitted by natural sources such as wesamas well as human
activates such as rice guies, livestock and during the production, processing, storage,
transmission, and distribution of natural gés.addition to influenceon average global
temperature, methane affetie stratospheric ozongy acting as a sink for reactive chlorine
(producingHCI as a reservoir speciesiore details in sectio.3.2. Generally increasing
global CH, leads toan increag in the totalcolumn ozongPortmann et al. 2012; Revell,
Bodeker, Smale, et ak012]

Nitrous oxide is another greenhouse pdghre et al, 2013]thatalsois animportant
ozone depleting substandé&avishankara et §l2009] The long lifetime of MO (about 114
years) allows it to become tiprimary source of stratospheric NONO+NGO,). NO in the
stratosphere destroy ozone throwmbatalytic process Emissions of nitrous oxide are not
controlled and it has anthropogenic sources in addition to natural megfcean, biomass
burning, livesbck, chemical fertilizer, and soils are the main sources,0f [Ravishankara

et al, 2009]
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Figure 2.4: Mixing ratio of selected gases with respect to height for mean middle latitude
conditions (from [Liou, 2002).

In addition to the greenhouse effect in the upper troposphere, ozone also absorbs
harmful ultraviolet radiation in the stratosphere and protects life on Earth. The annual average
of total ozone has declined about 7% over the Arctic regiioce 1980 due to the releasf
chlorofluorocarbon (CFC) molecul§Borster et al, 2007;WMOQO, 2006] Many gases that are
produced by human activities have long lifetimes (i.e. years, decades, or centuries). Once
these gaseare released into the atmosphere, they can have atdongimpact on the
atmospheric chemistry and radiation baknaffectingt he Eart hds cl i mat e.
CFCs are mamade chemicals with very long lifetimes (in some cases more than 100 years).
Figure 2.4 represents the typical vertical profile of selected gases for middle latitude

conditions.
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The emporal and atial variationof trace gases depenan their production,
destruction and transportationin the atmosphereFor example, dcal production of
anthropogenic emissions including CFCs (ozone depleting substasocesy low in the
polar regionsdue tothe limited humanpopulation inthese areasut these gases can be
transported to remote areas thanks to they g lifetimes and atmospheric dynansic

Aside from gases, atmospheric aerosols also play important roles in atmospheric
chemistry and climate by participating in chemical reactions, scattering sunlight and
providing condensation nuclei for cloud draplénthropogenic arosols ar¢iquid and solid
particlesof varioussizes, from nanometer to millimetecommonlyformed fromsulphates,
nitrates, organics and black carbon produced by fossil fuels, biomass burning and agricultural
processe$Bruhl et al, 2012] Studieshave showrthat liquid aerosolsin the stratosphere
havea critical rolein the first step in a series ohemicalreadionsleading to severe and fast
ozonedepletionover polar regiond Solomon 2006] Some of the chemical reactions in the
stratospher¢hat are important to ozone chemistnyly occur on the surfaseof particles of

polar stratospheric clouds (PSCs) at very low temperatures.

2.3.2 Ozonechemistry in the stratosphere
The @one mixing ratio in the atmosphevarieswith time and location. Chemical
reactions and dynamical processare the two reasons for ozone variations. Ozone is
produced and destroyedturallyin the stratosphere via a mechanism that was proposéd f

by Chapmar{1930] The Chapmarmechanisms expressd as:
FoIw F F (2.11)

F F Lok 4 (2.12)
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Folw F F (2.13
F F 4o (2.14)

FoFO Ok (215

Where (¢ representdJV photon,0 is any other molecule (e.g..@nd N) required for
momentumanderergy balance.

The Chapmancycle starts withthe absorption ohigh-energy ultravioletphotons
(wavelength shorter than 242 nm) by oxygen molethé produceswo oxygen atora
(2.11). The rate of this reactioregpends on the number of high enepiptonswhich quickly
decrease as the solar light penetrates into the atmospiereatomic oxygen then can
combine with molecular oxygen to form ozo(®12). Ozoneitself stongly absorbs UV
radiation and can be dissociated to fatamicoxygen ancan oxygen moleculé2.13). The
newly formed oxygen atom then reaatgminwith an oxygen molecule to form ozone. These
reactions participate in a rapigate in the stratosphere to interconvert ozone atmnic
oxygen The lifetime of ozone in the upper stratosphere and mesosphere (above 30 km) is
quit short while in the lower altitudes it is much longer (i.e. months to yaliosving the
relatively slowindirect circulation (the BrewefDobson Circulation{Brewer, 1949) in the
stratospherdo transport ozone from the tropicregionswhere it is originally formed to
higher latitudesThese three reactions are responsible for ozone production and conversion of
solar UV light to heat in the sttosphere. According tthe Chapman process ozone reacts
with atomic oxygento form oxygen molecule§2.15). However, soon aftethe Chapman
cycle was introduced measurements showed that this reaetisrmuchtoo slow to account

for the observed ozone and oxygen concentrationghe lower stratospherelnstead it

24



became claathat catalytic cyclesnvolving other moleculesre important processes that
destroy stratospheric ozone. tatalytic processeshe ative species which initiate the
chemical reactions are regeneratedeach catalyst molecule can participate in a catalytic
cycle many timesbefore beoming nonreactive via other reactions. Therefgr even
relatively small amount®f thesesubstancesanproduce significanbzone destructionlhe

most important catalytic cyclese of theform:

Lk FoL (2.16)

= FOo=F F (217)
where X can beOH, , H, NO, CI or Br [Batesand Nicolet 1950; Crutzen 1970, 1971;
Stolarskiand Cicerone 1974;Wofsy et al. 1975] The reactior(2.16) is moreimportant in
the upper stratosphere and mesosphere as it is lilytéue availability of atomic oxygen.

Illustrative of such reactions are:

F Fa° F 9 (2.18)
7 F dogfF 4 (219
FAaF°F Fd (220
J g mglbg kS0 p d (2.21)
Reaction(2.17) followed by:
Fa FoaF F (2.22)
2F FOoFka F (2.23
‘e F (2.24)
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is more importanin the lower stratosphere as atomic oxygen is not involved.fllowing
two cyclesfrom the products ofeaction(2.17) can destroy oddxygen (ozonglus atomic
oxygen) more efficientlyn the lower stratosphemsithout being limited by atomic oxygen

The first one involves Br and @VIcElroy et al, 1986;Tung et al. 1986}

Fm F O FmkE (2.25)
I > Fol»EE (2.26)
| >Frmd] > re (2.27)
Fre Jormf U (2.28)
I mo F (2.29)

while the second cycle starts withe selfreaction & CIO [Molina and Molina, 1987;

StolarskiandCicerone 1974}

Fmbemplo cmf U (2:30
Tl LN (231)

Fre dopmfp 4 (232)

Fm |= ° Fm }:|= (2.33)

o Ll s (234

These cycles are particularly immpant in the productionof severe ozone loss over
polar regionsCIO abundances reach large values in the cold Antarctic polar asgiresult

of very low temperatureghich cause the removal of reactive nitrogen compounds from the
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system The cycles irtiated by seHreaction of CIO or reaction of CIO with BrO significantly
destroy ozone resulting in the formation of the Antarctic ozone hole.

The concentrations of Cl and Br are relatively small in the natural atmosphere (from
volcanic and oceanic emiss®). But as a result of anthropogenic emissions of CFCs, halons,
and methyl bromidehe concentration®f these speciebave now significantly increased.

There are other important reactions that efficiently occur on the surface of garticle

7 Fmre FOqdf  Fm (239
Fe kel 3 Foqdf g FFm (2.36)
7 Fuq Frey F Fm (237
| »F¢ 2 FoadE a2 Fl» (238)
Trel>kfoqdE [ »rm (2:39)
1mafrl®a F [ >rm (240)

During thepolar night when the temperature drops belei® C, Polar Stratospheric
Clouds (PSCsinade up ofitric acid trihydrate (NAT¥orm [Solomon 1999] The reactions
((2.35)-(2.40)) are heterogeneous, anapidly take placeon the PSC ice particle surfaces
These reactions convechlorine from inactive species to active forift$OCI, Cl,, CIO,)
which can be easily photolyzed WV and visible solar radiatiofJacol 2000; Solomon
1999] The above reactions also convi®, (NO + NQO,) to the nonreactive form (HNG).

This limits the reaction between CIO and bl@at forms CIONO, which is nonreactive
under normal conditia During the polar night the concentration of active chlorine increases

dramaticallywithin the isolated airmass of the Antarctic polar vode»a result of aoversion
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from nonreactive forms by heterogeneous reactions. When the sunimisssly spring
ozone is depleted rapidly and severely. As heterogeneous reactions occur efficiently on the
surface of PSCs the ozone hole lasts until the late spring whematinger ozonerich air
from middle latitudesbreaks up the polar vortex and teeatosphere isiot cold enough
anymoreto form PSCs.

The catalytic cycleareinterrupted by other reactions in which active species convert
to inactive formsThe following ae some otthe important reservoir reactiorjiSolomon et

al., 1997;Solomon et a).1994}

FE A %7 FR M (241)
rm bl o cmpd U (2.42)
ko 4k JoqdE U (243

A large portion ofthe chlorine in the stratosphere is converted to inactive forms by
these reactions. The concentrations of bromine are much ksghibse of chlorine in the
stratosphere but there are no such reservoir reactions to convert them to inactive forms.
Therefore, despitanuch lower abundancesromine is an important catalytic species

[Solomon1999]

2.3.3 Tropospheric ozonechemistry
Ozone acts as a greenhouse gasheupper tropospherdt absorbssome of the
infrared radiati on e miForster @t alf 200/)mt atsdis anBiar t h 6 s
pollutant with well recognized impacts on huntealth[Bates 2005;WMQO, 2006] Ozone is

transported fronthe stratosphere into the troposphere and is removed by deposition to the
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surface[Hauglustaine et al. 1998; Wang et al. 1998} however, topospheric ozone is

produed and consumed in the tropospherienarily via chemical reactionjglacolh 2000]
Ozone in the troposphere is produced thlowg chain oxidation of CO and

hydrocarbons in the presence of NMO+NG,) [Jacolh 2000] The chain is initiated by

formationof hydroxyl (OH)radicals

F Ik F ¢ f - O (2.44)

Fr 7 F° F (2.45)

then followed by:

Fa FE T FF (2.46)
7 F doqf (247)
TEakoka Ak (248)
4 Jwd F E (2.49
F F dofg d (2.50)
S dord FOFF (25
Hydrocarbons (RH) aralsooxidized via similar reactions:
13 F3 F °4F 3k (252
1F 44 FIE (253
1k For=dlat (254
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Followed by (2.48)-(2.49). Carbonyl compound$¢CARB) can react with OH to produce
additonal ozone or photoke to produce additionaHOs. HOy is consumed in the

troposphere by:

vboakoa b @59
1k wkod kbt 259
fvoakea ko 257
Sboba doqdp (259

The formation of HNQ is thedomirmant sink forNO, HNO3z; may photolyze to recycle
HO, or be removed by depositiofJacolh 2000] The lifetime of HNQ is about 2weeks.
Another sink for NQis formation of CHC(O)OONQ (peroxyacetylnitratePAN). It can be

formedfor exampleby oxidation of acetaldwgde:
mFIFFT F O°mFFFF T F (259

ArFFFAF dOom FFEEEE (2.60

The main loss of PANs by thermal decomposition, regenerating,NO

=4 4o merEE A (261)
The lifetime of PAN is about 1 h at 295 K and several months at 498d6h 2000]
Generally theformation of PAN is less important tharNis; as a sink for NQ However, in
the middle and upper troposphere, the long lifetime of PAN at low temperature allmws it
act & areservoir for NQ as it canbe transported over longstances and decompose to

release NQfar from its source.

30



2.4. Breweri Dobson circulation

The ter ni DibbBbrseowmerci r cul at i o i oOircutatoh gapasedt o
by Dobson[1929, 1956]and Brewer[1949]in which air is transporéd from the troposphere
into the stratosphere in theopics and then poleward and finally dedcenthe middle and
polar latitudes. Dobson suggested this circulation as an explanatiahefdrigh ozone
concentration at high latitudes in spring and low concentration itrap&s considering the
action of solar light in ozone formation. Brewer also used this model to explain observed
phenomena in upper air water vapor measurements. The Bbmlson circulation (BDC) is
generally recognized as a basic description of meridioaakport of trace gases frotine
tropics to the poles.

Rossby wavesplay a key role in the BDC [Charney and Drazin, 1961]
Topographical features and meridional tempeeatiradients together with the rotation of the
earth (resulting inthe Coriolis force), generate largeale Rossby waves. Largenplitude
planetaryscale Rossby waves propagate upward from troposphere into the winter
stratosphergdMclintyre and Palmer, 1983] These easterly waves decelerate the westerly
wintertime stratospheric jet stream and continuously break at the edge of the polar vortex
[Holton et al, 1995] They can even displace the polar vortex allowing middle latitude
warmer air intrusion into the polar region. The warm air cools and simksging higher
0zone mixing ratios to lower altitudes, increasing ozone concentrations.

The BDC consists of two branches. The shallow branch comprisescelvedructure
in the lowe stratosphere, with upwelling air in the tropics and descending air in middle and
high latitudes, while the deep branch is a single cell from the trapibe upper stratosphere

and descending into the winter hemisphere at higher altifidliesibh 2002](Figure2.5).
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Figure 2.5: Schematic of the BDC as the combined effe of residual circulation and mixing in
the stratosphere and mesosphere. The thick white arrows depict the Transformedgulerian
Mean (TEM) mass streamfunction as representation of the residual circulation whereas the
wavy orange arrows indicate tweway mixing processes. Both circulation and mixing are mainly
induced by wave activity on different scales (planetary to gravity waves). The thick gea lines
represent stratospheric transport and mixing barriers (Image retrieved from:
http://www.goethe-university-frankfurt.de/47669287/Atmospheric_Transport)
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The BDC transports trace gases from the tropical troposphere into the stratosphere
and moves them poleward. Ozone also is redistributed from its production in the equatorial
tropical stratosphere to high lattles.

The downward branch of the BDC in the middle latitudes penetrates into the
troposphere while ovepolar regionsit only reaches the lower stratosphere. The BDC is
weaker in thesouthern hemisphere due to lack of topographical features anaflebe
oceanland temperature gradient required to generate -segle Rossby wavedhis resuls
in a colder and more isolated polar vortex in the Antarctidhia absence of warm air
intrusion from middle latituded’lumb 2002] The older Antarctic polar vortex compart&o
the Arctic vortex results in more polar stratospheric cloud (PSC) formation theer
Antarctic leading to more ozone destructioear the South Pole in comparison to the North
Pole.

Many different model simulations predict a future strengtheninth@BDC due to
greenhouse gas incread@utchart et al. 2006] with significant influence on tropospheric
and stratospheric composition. A change in tinengith of the BDC would impact the water
vapor concentratiojRandel et al. 2006] and thetemperature and the dynamics of the
stratospherdLin et al, 2009] It also would change the transport of ozone and ozone
depleting substanc¢Butchartand Scaife 2001]with associated impacts on the tropospheric

ozone budgdiSudo et al.2003]and surface UV indepHegglinandShepherd2009]
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2.5. Ozonedistribution and variability

2.5.1 Ozone variability: short-term, longterm, and vertical

distribution
Total column ozonevaries with time and location The ozone distribution and
variability in the atmosphere are governed by chemical and dynamical proddeseshan
90% of the ozone column is found between 10 and 50 km in the atmesph Ozone
concentratiorrapidly increases from 10 km and reachesaximum between 20 and 25 km
depending on latitudé~igure 2.6 and Figure 2.7). Ozone is producethainly in the tropial

regiors at an altitude of 380 km where its highest mixing ratios are fouRrdy(re2.7).
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Figure 2.6: Ozone and Temperature vertical profile in the atmosphere (Data collected from
WOUDC datacenter for Egbert, Lat. 43.87 N, Lorg. 66.1 W,on September, 07, 2001
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The lifetime of ozone is short in the upper stratosphere altitude (aboveny3hd the ozone
amount is determined by photochemistry. The longer lifetime of ozone at lower altitudes
allowsthe BDC to transport it from the tropics toward higher latitudes where it descends to
the lower stratosphere.

On adaily basis ozone column ahges are mainly due to dynamical processes rather
than chenstry. Strong correlationbetweernthe ozone column and meteorological conditions
werefound inthe early years of ozone measuremgReed 1950] Ozone is correlated with
meteorological parameters such as temperdtdensenand Trond 2005] and potential
vorticity [Allraat et al, 1993]in thelower stratosphere as a result of its long lifetime in those
altitudes. Ozone also is correlated with the tropopause H&8tghbrechindClaude 1998]
and tropopase pressur¢WeissandStaehelin 2001}
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Figure 2.7: (left and right) Annual mean ozone mixing ratio in ppm and ozone partial pressure
in mPa as a function of latitude and altitude based on satellite data (SAGE Il version 6.20 for
1984 2004. (middle) Schematic illustrating the structure of, and transport within, the
stratosphere Erom [Fioletoy, 2008]and [WMO, 2002).

While extratropical ozone has a clear annual cycle, the total ozone over tropical
regions remains almost constant throughout the year. The total iozexieatropical rgions
is determined by a balance between transport and photochemical processes. Ozone reaches a
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maximum value in early spring as a result of wintertime transport. During the summertime
photochemical loss is dominant which results in a minimum amountlinfathf Andrews et

al., 1987] The reason the springtime ozone amounts are greater in the northern hemisphere
than thesouthern hemisphere is that the wintertimendpert is stronger in the northern
hemisphere due tihe larger planetaryvave amplitudegFioletov, 2008] During the fall the
photochemical process is dominant which results in similar ozone amounts in both
hemispheres.

Other processes such e El Nino-Southern Oscillation (ENSO) ar@@uiasiBiennial
Oscillation (QBQ can moderatelgnffect ozoneamountsthrough influencing the strength of
the BDC The impact of ENSO on the lower stratosphere and troposphere over the equatorial
belt and the tropics has been reported by a number of sediefRandeland Cobh 1994;
Zerefos et a).1992). The QBO also influences equatorial and tropic column oxotiea
period of 2728 monthgBowman 1989;ChandraandStolarskj 1991}

The rate of ozone production and destruction in the upper stratosphere is also
moderately influenced by solamuft variations. On a decadal time scale, the correlation of
ozone variability and the 3jear solar cycle has been well establisfojkovandFioletoy,

1996; Chandra and Mcpeters 1994] The 27day rotation period of the sun also has a
periodic effect on ozone generation in the upper stratospeandraand Mcpeters 1994;

HoodandZhouy 1999]
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Figure 2.8: Two-week averages of total ozonas measured by a satellite instrumenin 2009.
Tropical ozone (20°N 20°S latitudes) remains almost constant throughout the year. Total ozone
varies over mid and high latitudeson daily and seasonal bas asthe Brewer-Dobson circulation
transports ozonerich air from tropics toward high latitudes. The low ozonevalues overthe
South Pole in September correspondo thei 0 z o n e h o | Theozonenhol®d@Wevery
year since the 1980s in late winter andagly spring over Antarctic a (From [WMO, 2014]

2.5.2 Ozonevariability at high latitudes andthe polar regions
Early measurements bghe Dobson instrument in the tropics and high latitudes
showed that there is gradient in total column ozone with low ozone in the tropics and an

increase toward the polg$ioletoy, 2008; Solomon 1999] However, inthe southern

37



hemisphergthe maximum ozone ocaiat 5660° S, not at thegpole. Similar conditioaoccur

in the Northern hemisphere in some years. A lower ozone concentratiopaeeregionss
related to the glar vortex which isolates polar air from air at lower latitud€se d@sorgion

of solar UV radiation by ozone is timeajorsource of heatg in the stratospher@he &sene

of solar radiatiorduring the wintertime leads to coolindthe polar stratogpere and hence a
large temperature gradienievelopsbetween midatitudes and the poles. This thermal
gradient emblishes a strong westerlyflow 6j et 6, whi ch i sol ates t he
the surrounding midatitude regions resulting in lover ozoneinside the vortex. The
condition inside the polar vortex is favoralide the formation ofPolar StratosphericClouds
(PSCs) which have key role in see@zone depletion throigheterogeneous reactions (see
sections2.3.2. In early spring when solar radiation increasthe vortices weaken and
eventually breaklown, allowing mixing of warm ozoneich air from lower latitudes witkhe

air inside the vortex. The polar vortex is weaker and has a shorter lifesg@narthern
hemisphere tham the southern hemispherenainly due tostrongeratmospheric waveg&s
noted above)and circulation patternsghat are related to the surface topographige(
distribution of continents and mountaifi§plomon 1999;Solomon et aJ.1986]in the north
The Arctic vortex is more interrupted by atmospheric waves generated by upcoming flow
over more variable surface topography. The wintertinnetié ozone abundances and the
lower stratosphere temperatures increase in responssudb perturbations These
perturbatios cause more mixing and downward motion which l&rohgvn more ozoneich

air from the upper stratosphesad warns the lower straisphee. The Antarctic vortices are

colder and less variable compaite theArctic vortices leading to stronger ozone depletions.
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Figure 2.9: Antarctic average total ozone during Octoberms measured bysatellite instruments
for different years. There is no evidencef an ozone hole beforghe 1980s.The azone holehas
occured every year sincethe 1980in the Antarctic (From [WMO, 2014).

2.5.3 Global and mid-latitude ozonechanges andrends

Severe ozone depletiomas first observedat the British Antarctic Survey station at

Halley Bay [Farman et al. 1985] It was shown that springtime total ozone over south polar

latitudes had declined by about 30% comparethéd 970s[Farman et al. 1985] Detailed
studies revealethat natural factors cannot explain the ozone changdsrather that the
reactions described in sectidh3.2 are responsiblg¢Solomon 1999] Since then, ozone

decline has taken placevery spring ovethe South Pole areavery spring(Figure 2.9)

[WMQ, 2014] Soon after, observations showed a statistically significant decline in total
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ozone over middle and high latitudes of both hemispheres in all s¢&anmon 1999]
According the WMOOGs | a$WMO 2@1ld]npeserdlaysagesageme n t
global ozone (60%S50°N) is lowerby about 2% compared tthe pre-1980s. For middle
latitudes (35f60°) it is 3.5 % fotheNH and 6% foithe SH[WMO, 2014]

Following implementation othe Montreal Protocqlwhich was adopted in 1987 to
control ozonedepleting substances, tracking the expected recovery of stratospheridagone
attracted considerable attentiffeyring et al, 2010;Shephercand Jonsson 2008;Waugh et
al., 2009;Weatherheadnd Andersen2006] The mmplexity of ozone natural variability as
well as the complex impacts of greenhouse gas imtalmate change and declini@DSs
due to the Montr@ Protocol keep ozone recovery a challengiagntificissue.Figure2.10
shows longterm ozone changes over Canada using Brewer and Dobson data from four
Canadian sites with long records (Toronto (44°N, 79°W), Goose Bay (53°N, 60°W),
Edmonton (54°N, 114°W), and Churchill (59°N, 94°W)).

The areaveighted average over nbern midlatitudes (38-60°N) from merged
satellite data are also depictedRigure 2.10. Both data sets indicate the same oergn
ozone changes showing that even a limited number of groased stations can provide
valuableinformation about longerm changes in the ozone layer. There are long records of
total column ozone measurements from the Brewer and Dobson instrumectnthatused
for long term trend analysis. The Dobson was developethen1®30s for total ozone
measurements[Dobson 1931] and in 1957 aglobal ozone monitoring network was
established. Th8rewer ozone spectrophotometer was designed and developezl1i880s
[Kerr et al, 1981] Now, more thari00 Dobson an@00 Brewer instruments are in operation

around the world. The Dobson and Brewer langh capableof meeing the GAW (Global
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Atmosphere Watch) requirement of a precision better than 1% [WMO, 2014] which is a

challenging task for satellite measuremd@i®larski etl., 2006]
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Figure 2.10: Annual mean deviations from the 195880 total ozone averages estimated from

four Canadian stationsand from merged satellite data (areaweighted average for 35°60°N)
(From [Fioletov, 2008).

2.5.4 Tropospheric ozonedistribution
Ozone plays a key role in the chemistry of the tropospl®seving as a primary
precursor of the hydroxyl (OH) radical, tropospheric ozone controls the lifetime of trace
gases influenced by oxidatiphonks 2005] Tropospheric ozone is an important greenhouse

gas[IPCC, 2013; Stevenson et al2013]and isthereforealso referred to as a shdisted

climate pollutanfShindell et al.2012]
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Figure 2.11: Schematic of ozone interactions in the Earth systeifirrom [EPA, 2009)

At the surface ozone is recognized as an air pollutant with adverse impacts on human health,
natural vegetation and crop yield and qudlaynery et al.2011;Bell et al, 2004;Chossiére
et al, 2013;Jerrett et al, 2009;Lippmann 1991;MauzerallandWang 2001; McConnell et
al., 2002]

Ozone has a relatively short lifetime (hours) in polluted urban areas. However, its
globally averaged lifetime in the troposphere is about 23 [dtgvenson et al2006;Young
et al, 2013]which is long enough for it to be transported over intercontahahistances
[Akimotq 2003] Therefore, it can impact air quali#y distance far fromits sources. Due to
its importarce, the tropospherimzone distribution and trends are assddsythe IPCC every

5-6 years.
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The dstribution of tropospheric ozone is highly variable by season, location, and
altitude due tahe heterogeneity of itsources, sinks, and lifetime. The tropospheric ozone
budget is determined by photochemical procgssecluding chemical production and
destruction, and physical processes, such as transport from upwind sources and surface
deposition.

For a long time the stratosphere was thought to be the primary source of tropospheric
ozone [Chatfield and Harrison, 1976; Danielsen 1968; Fabian and Pruchniewicz 1977,

Junge 1962] Studies inthe 1950s showed that ozone atso generated in the troposphere
[HaagenSmit et al. 1952] and until the 197G it was thought that high ozone in the
tropospheravas associated with air pollution. Further researctin@1970s andhe 1980s
suggested that ozone is produced in the troposphere by photochemical reactions involving
ozone precursors (e.g. nitrogen csd(NOx), normethane VOC, methane, or carbon
monoxide) and sunlight. Since theéhe understanding of natural and anthropogenic sources

of ozone precursors has significantly improved. Ozone precursors have natural and
anthropogenic sources such as wilkelir lightning NOx, biogenic NOx emitted from saill,
biogenic hydrocarbon emissions, and also fossil fuel and biofuel combustion, or crop burning
[Chameidesand Walker, 1973; Crutzen 1974;Levy et al. 1972;Lin et al, 1988] Recent

chemistryclimate models suggestatchemical productioms the dominant source
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Figure 2.12 Tropospheric ozone column by season as derived from trajectomnapped ozone

saunding [Liu et al., 2013]

with 7-15 times more contribution to the global tropospheric ozone than the ghates
[Mclindenet al, 2000;0Olson et al. 2001;Stevenson et al2006;Young et al.2013] Some
of the main interactions that lead to ozone productions in the troposphere are depicted in
Figure2.11.

The anthropogenic ozone precursor emiss around the world generally are
produced in regions witthigher population. Approximately 90% of fossil fuel NOx
emissions are generated time rorthern hemisphere (NH), while emissions from biomass

burning mainly caused by human activaye similar n the hemispheregCooper et al.
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2014] Produdbn of ozone precursor emissions are declining in Europe and North America
and shifting from NH high latitudes to low latitudézarrish et al, 2013;Zhang et al.2016]

In contrast, East Asia is experiencing an incredsbkese emissior{€&ranier et al, 2011]

15 20 25 30 35 40 45
Tropospheric column ozone, DU

Figure 2.13: Tropospheric ozone columnby season as derived from OMI/MLS observations
during October 2004to December 2010. The data arderived from combination of OMI (Ozone
Monitoring Instrument) total column ozone measurementsand MLS (Microwave Limb
Sounder) observations of stratospheric ozongZiemke et al. 2006] Adopted from Cooper et al.
[2014]

Net ozone production in the tropmhere from chemical reactions occurs over the
continental boundary layer in response to high ozone precursor emissions (e.g. methane)

[Bloss et al.2005] and in the upper troposphere where ozone destruction igKlokwmann
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et al, 2003;Wild andPalmer, 2008] Net chemical destruction occurstire mid-troposphere
and marine boundary layer, where preoursmissions are low, and in localized urban and
polar areas as a result of reaction with NO and halogaalyzed destruction during
springtime, respectiveljMonks et al.2015]

Available observations show that lowest ozone amounts occur over remote oceans in
tropical areas with no vertical gradierffigure 2.12 and Figure 2.13). Greater chemical
production andmore stratosphere intrusignin mid-latitude result in higher ozone
concentrationsand an increase with height. Ozone generally is greater in the NH marine
boundary layethan theSH, and increases over land.

Tropospheric column ozone climatolegderived from OMI/MLS observations and
also from trajectoymapped ozoneaunding show that the seasonal maximum occurs in
spring and summer time at rdatitudes in the northearhemisphere which is likely due to a
combination of dynamical/transport processes and photochenmiMogks 2000] In the
southern hemisphere ozone peaks in springhetropics and sulbbpics between South

America and Africa and over a band between southern Africa and Auskigiag?2.13).

2.5.5 Tropospheric ozonetrends
The existence of ozone and its presence in the atmosphere was discovered first by the
German chemisSchoenbeirj1850] in 183. Soon after, Hartley [1881] identified its UV
spectrum and its role as a UV filter in the atmosphere. Thereananged number ofsites
duringthelate 1800s and early 1900s that measured surface ozone. Those data coupled with
modeling studiesuggestchangs in tropospheric ozone durinthe industrial era due to
increases of ozone precursor emissipgbsoper et al. 2014;Monks et al. 2015] although

the validity of this conclusion idebated
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Recent changes in tropospheric ozone are mi@ltmans et al. 2013] A
tropospheric ozongend analysidy Cooper et al[2014]finds that ozone has increased by a
factor of 2 betweethe 195G and 2000sver Europen response taglobal increase in fossil
fuel combustiorfIPCC, 2013;Staehelin et al.1994] Data available from 13 t&is inthe NH
indicate more than &400% ozone increase sint®e 1950s and $5% sincethe 1970s.A
more limitednumber ofsites (6 monitoring stations) the Southern Hemisphere (SH) also
show significant positive trends ovére SH. Free troposphere ome has alsapparently
increagd since 1971 over Europe, Japan, and coastal Antarp@icaper et al. 2014]
although this apparent grmth has leveled offOltmans et al.2013 and may be in part due to
instrument artifactAircraft measurements have shown significant upper tropospheric trends
in one or more seasons above the neektern USA, the North Atlantic Ocean, Europe, the
Middle East, northern India, southern Chimal @apanSurface ozone trends have varied by
region between 1990 and 20fGooper et al. 2014; IPCC, 2013] Ozone hashownan
increasein Western Europe in the 1990s followed by a leveling off or decrease since 2000
[Cooper et al.2014] In the western USAq few rural sites show decreasing ozone while half
of all the sites indicate a significant increase in spring. The available data indicate that rural
surface ozone has decreasewrgily in summer, is largely unchanged in spring, and has
increased in winter. The decrease in ozone in Europe and the eastern USA is attributed to the
decrease in ozone precursor emissions in those areas. At the same time, surface ozone
generally has beemcreasing in East Asia where ozone precursor emissions are growing.
However he analysis of tropospheric ozone treraixl interpretation of such trends
hampered by sampling issudsn et al, 2015]and by issues of representativenesie to

generally in adequate sampling of this highly reactive trace gas.
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2.6. Methods used fonzone measurement

Generally, there are twa@approachesto measureozone concentrations in the
atmosphere,remote sounding and in-situ measurementsOzone concemations can be
determined directly by taking a sample of air amdlyzing it for ozonaising chemicabr
optical techniquesSuch measurements are calleesitu as they provide information of the
ozone concentrations in the atmosphere at the placee ghéasurement&lectrochemical
cell ozonesondetSee sectiorb.2.1for details) and some gasalyzersare from the insitu
instruments.

Remote sounding methods exploit the ability of ozone to absorb and emit the
electromagnetic radiation.h€ naturalscurce of radiation such as sun and moon light and
also the termal emission of the atmosphere itself can be used to probe the atmosphere. These
measurements are called passive remote sounding. Artificial light sources such as lasers are
used for active remote sounding. Instruments for 0zone measurements areegisiozeat to
ground and spacéased depending ofthe location of measurement§ome of the
instruments are designed to measure the ozone concentrations from the surface of the Earth;

and some are on board the satdlite

2.6.1 Ground-based remote sounding
Groundbased instruments utilize the direct beam solar radiation transmitted through
the atmosphere to measure ozone and Aerbemin the geometry given figure2.14 and
usi ng tlanepreBeatedinGectich2.2 the solar radiation measured at the ground can

be expressed as:
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Ly Ey Ho''wy O P (2.62
where O is the solar intensity at the top of the atmosphereP THI B s the
air mass factor, wherf is the solar zenith angle; and the total optabgbthis the sum of

the optical depthsf all constituents including all atmospheric gases, aerosols, and molecular

(Rayleigh) scatterings follows:

WY \A—£.>n vl-vW:{:. -.f' |V\£.k’. Vr=|=vy E Vr=|=v;r (2.63

The optical depths of Rayleigh scattering and other moleculea gwven wavelength are

assumed to be known in the calculation of ozone concentrations.

Zenith
Iy(A)
Zxo
03
Aerosol 0,
\
Ground-based I(D)

instrument |—Q—| 0

Figure 2.14: Geometry of a Groundbased instrument to measure a direct solar beam.

As the aerosol scattering is Isreover a narrow wavelength range, a region of spectrum

where ozone absorption is weak, but the scattering of aerosols are similar to the selected

49



region for ozone measurements BY is also monitoredBy ratioing the two values the
effect of aerosols iminimize and the total column in the atmosphere can be obtained.
The Brewer and Dobson ozone spectrophotometers are the most uwsddiyroundbased
instrumentdor total 0zone measuremenihese instruments useselected wavelengtter
ozonein which the absorption of other molecules is negligiddinear combination of four

wavelengths isusedby Brewer and Dobson to suppress the effect of aerosols (Details in

section3.2.2.
A. Backscatter Ultraviolet B. Occultation
© 4
N
= Em——
e A
N N N
@
%
—— pe——
| |
C. Limb Emission D. Limb Scattering

Figure 2.15; Techniques used for ozone measurements from satellites (Adopted Fr¢Wallace
and Hobbs 2008).
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2.6.2 Spacebased remote sounding

The instruments onboard the satellites can measure the ozone concentrations using
four maintechniquesbackscatter UV (BUV,)occultation, limb scatteringandlimb emission
(Figure 2.15). Two pairs of measurements are required for total ozone determination using
BUV technique; the incoming and backscatter UV radiance at a wavelength that ozone
absorbs strongly and a similar pair of measurements at a wavelength #teoibed by
ozone weakly(Figure 2.15a). The total column ozone can be calculated from the difference
between these two pairs of measuremelntshe occultation technique the radiation from
sun, moon or a star during rising or setting is sueadby the instrumenthrough the limb of
the atmosphere~{gure 2.15b). By measuring the radiation at various wavelengths absorbed
by the atmosphere, vertical profiles of various species can be determimeethfrared and
microwave radiation emitted by the atmosphere along the line of sight of the instrument is
used in the limb emission technique to derive the ozone concentr@ignse2.15¢). In the
limb scattering technique, the instrument measuhe scattered light from the sun or moon
instead of the direct light~{gure 2.15d). Using this technique continues measurements can

be provided as long as the sun is visible.
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3.Br ewer and Dobson Err

The Dobsonand Brewer spectrophotometers are the primary, standard instruments for
groundbased total column ozone measurements under the World Meteorological
Organi zationds ( WMO) Gl obal At mosphere Wat
retrieval fa both instrumets depends on knowledge of the ozone absorption coefficients
and some assumptions underlying the data analysis. Instrumental stray light causes non
linearity in the response of both temglemonochromatoBrewer andhe Dobson to ozone
at large ozonelant paths. In addition, it affects the effective ozone absorption coefficients
and extraterrestrial constants that are both instrument dependent. This effect has not been
taken into account in the calculation of ozone absorption coefficients that aemtigur
recommended by WMO for the Dobson network. The ozone absorption coefficients are
calculated for each Brewer instrument individually, but in the current procedure the effect of
stray light is not being considered. This study documents the errordchydbe effect of
stray light in the Brewer and Dobson total ozone measurements using a mathematical model

for each instrument. It shows that the differences detected between the total ozone amounts
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deduced from Dobson AD and CD wavelengths are relatéuetéevel of stray light within
the instrument. The error introduced by the assumption of a fixed height for the ozone layer
for Brewer ozone measurements at high latitude sites is also evaluated. The Dobson
measurements at the South Pole site are cadpaith ozone data from a collocated double
monochromator Brewer spectrophotoméiark Ill).

A manuscript on this study isompletedand will be soon submitted tdournal of

fAtmospheric Measurements and Techniques

3.1 Introduction

Routine atmospheric tat column ozone measurements started in thelf®&0Ds with
a Féry photographic spectrometfdobson 1931] Following the International Geophysical
Year (1958) a worldwide network was developed with a number of Dobson
spectrophotometdhat were installed around the world to monitor total ozagargations. In
the early 1980s the automated Brewer became commercially avdikdaieet al, 1981]
with more advanced technolagy similar network was introduced for the Brewer as
observing organizations started to use these instruments alongside #wn Bablongterm
measurements.

Although the principle of the measurements for the Brewer and Dobson instruments is
generally the same, seasonal and systematic differenaespectiveTOZ (Total Ozone)
products became evident after letegm, coeincidert measurements were accumulated
[Staehelinet al, 1998; Vanicek 2006] The adoption of th&assand Paur [1985] ozone

crosssections (BP) for the Dobson instrument in 1992 puh bostruments on the same
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reference scales (Brewer uses BP) and reduced the difference[kKed%t al, 1988]but it
did not resolve the seasonal and offset differef\¢asicek 2006]

Temperature corrections to the ozone absorption -s@stons may reduce the
systematic errors of Dobson ozone data by up tdBésnhard et al. 2005] The seasonal
differences between the measurements by the two instrument types is related to the ozone
effective temperature, which affects differently the ozone absorption measured by the Brewer
and Dobson instrumenfBernhard et al.2005;Kerr et al, 1988;Scarnato et a).2009;Van
Roozendael et al1998;Vanicek 2006}

The impact of different laboratoidetermined ozone crosgctions has also been
invedigated and showed up to 3% changes for Brewer and 1% for Dobsdirddtandas et
al., 2014]

To facilitate the replacement of Dobson instrumerith Brewers, statistical methods
have been developed to derive transfer functions for converting Dobson measurements to the
Brewer scale. These methdusve beemartly successful, but they cannot entirely explain the
differences between the measuremehtb®two instrumentgScarnato et al.2010]

Analysis of the data obtained by the Dobsorthet South Pole showed that the
assumption of the ozone layer being at a fixed height leads to an error in the air mass
calculation. The errors caused by this assumption may exceed 4% in ozone measurements
when the ozone distriomet ilBembaidstal®005]t ort ed by

While stray light has been demonstrated to affect measurements by both instrument
types[Bais et al, 1996] the effect of the stray light on measurements at large solar zenith
angles (SZA), have not been analyzed properly yet. The errors caused by stray light are

particularly significant at high latitudeshwn measurements are made at large SZA and large
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TOZ. The main goal of this study is to investigate and document the sources of errors in total

ozone as measured by the Dobson and Brewer instruments at high latitudes.

3.2 Method

3.2.1 Instrument description
The Brewer instrument
The Brewer spectrophotometer is designed to measure total ozonan&Opectral
UV irradiance.Figure3.1 shows the optical components of a BrewarkV which consist
of the foreoptics, the spectrometer and the photomultiplier. There are several different
optical elements in foreptics to direct incoming light onto the entrance slit of the

spectrome.

Figure 3.1: Brewer MkIV optical layout [ i Br ewer MKI V Spectrophot omet el
Manual ,.0 1999]
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Figure 3.2: A schematic diagram of Brewer spectromete(From [Kerr and McElroy, 2000).

The spectrometer disperses the incident light into a-dugtity spectrum along the exit slits

focal plane. A schematic diagram of the spectrometer is shofsiguine3.2. Six exit slits are
approximately evenly spaced across the focal plane at ozone amp&@ting wavelengths.

The shorteswavelength302.1 nm is used for wavelength calibration using a mercury lamp.

The wavelengthof 310.1 nm, 313.5 nm, 316.8 nm and 320.1 nm with5 nm resolution

are used for ozone and S@easurementd.he wavelengthsettingis adjusted by rotatindné

grating using a stepper motor. A cylindrical maisit covers the exit slits exposes only one
wavelength slit at a time. The mask is rotated rapidly by a stepper motor resulting-in near
simultaneous measurements of all five wavelengihd a dark postn[ M Br ewer MK 1 V
Spectrophotometer Operatorés Manual , 0 1999]
In the Mark Il and Mark IV versionsof the Brewerthe light passing througthe exit

slits is collected by d&abry lens and falls on law-noise photomultiplier. Fothe Mark |l

version ofthe instrument a 45 mirror reflectsthe radiation into a second spectrometer
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(recombining spectrometer) that mirrors the dispersing spectronfretenrg3.3) [ A Br e we r
MKI 11 Spectrophot omet e The @ptthen gaeothraughtha secoad , 0 2
spectrometeor reaclesthe photomultiplierThis reduces stray light as adkis light will not

pass through the second spectrometer.

Foreoptics

Spectrometer

Figure 3.3: The Brewer MKlll optical layout [ i Br ewer MKI I I Spectrophot ome
Manual ,.0 2005]
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Figure 3.4: A schematic of optical system ofhe Dobsoninstrument (From [Vanicek et al, 2003)

The Dobsoninstrument

The Dobson spectrophotometer is designed to measure the relative intens#ties of
selected paiof wavelengthsn the UV part of the solar spectrur detailed descriptiors of
the instrument function can be found in several fundamental publicationgHeagnsand
Komhyr, 2008;Komhyr, 1980;Komhyr et al. 1989). Figure3.4 shows the optical system of
the Dobson instrument. Thamteringsolar light is directed by prism P to the first half of the
spectrometer where the light is dispersedabgiouble pass througbrism P1 reflected by
mirror M1, and then is focusesis pectrumby lens L1 onto the focal plane at slits S2 and S3.
The selected wavelengths can be controlled by rotating the quartz plate Q1 and therefore
changing the anglef the light incidenton P1 and allowing different wavelengths to be
selected and focudeat slits S2 and S3. The selected wavelengths then pass ttliheugh
second half of the spectrometer where various optical elements (i.e. L1, M2, P2, and Q2)
reassemble the lighgo both wavelengths fall on the final exit slithe photonsare then

colleced by the photomultiplier PM. The S2 and S3 slits allow only predefined wavelengths
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pairs with strong $HORT wavelength) and weak (LONG wavelength) ozone absorption to
pass throughhe second half of the spectrometer and reach to the photomultiplier. Two
logarithmic attenuators, callezptical wedges in front of the LONG wavelength asedto
balance the intensity of the radiation flux passing through S3 with that of the S2. The position

of thewedges is controlled by a manually operated external cirdida(the R-dial).

3.2.2 Brewer and Dobsonretrieval algorithm
According to the Beekambert law, the spectral irradian@®_ from a direct solar
Sspectrum at the Earthodos surface is expressed
by b e =W (3.)

wheret _ is the optical thickness of the incident path

WY s f £H ny#fu# 23 Qut (3.2)
And
‘O_ - Extraterrestrial irrdiance at wavelength

| _ - Monochromatic ozone absorption coefficient at wavelength
@ - Total column ozone (TOZ)

- Relative optical air masappropriate foozone absorption

I _ - Rayleigh optical depth for a or&#mosphere path

0 - Station pressure

0 - Mean sea level pressure (1013.25 hPa)

a - Relative optical air madsr Rayleigh scattering (extinction)
1 _ - Aerosol optical depth

a - Relative optical air madsr aerosol scattering (extinction)
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The Dobson speaphotometer does not measure the intensity of sunlight at a single
wavelength but instead determines the ratio between the irradiance at two wavelengths, one
strongly absorbed and the other more weakly affected by ozone. Several wavelength pairs are
used ly the Dobson algorithm for calculating total column ozone. In order to minimize the
effect of aerosol and other absorbers, two wavelengths pairs are used such as AD, AC or CD
where the A pair is (305.5/ 325.4 nm), C is (311.5/ 332.4 nm) and D is (33398 nm)
[Basher 1982a; Evans and Komhyr 2008] For example, the total ozone using AD

wavelength pair observations is retriewsingthe following expression:

= 4_ 4 L n:rr%'m4 #- 0+ Ho- (3.3)
I_ wo | 8 jk 8 n-F 8jk 8 (3.4)
S KN 8 jk 8 m-F 8k 8 (3.5)
e, f 8 by 8 n 8 by 8 (3.6)
-, & 8 # 8 # 8 # 8 (3.7)
do ) 8 ) 8 ) 8 ) 8 (3.8)

where3j is the differential ozone absorption coefficient46.3 degree Celsius aidis the
instrument constant. Other double wavelength pairs such as CD can be used for the ozone

calculation by modifyig Eq.(3.3) [Komhyr et al. 1993]to replaca) with 0
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The basic measurement principle for the Brewer instrument is the same as the
Dobson. However, therBwer measures the intensity of four operational wavelengths-quasi

simultaneously. The total ozone is calculated using the following equation:
= ﬂ%'m I »H (39)

where3{ and B are the differential ozone absorption coefficiendatdegree Celsius and
the Extraterrestrial Constant (ETC) respectively. Both are obtained from a linear weighted
combination of their individual values at the four wavelengthsd Use the total ozone
retrieval [Kerr, 2002] 0 "Wis calculated from a linear combination of the logarithms of the
intensities 'O measured at the four wavelengths o p&ito p&io p&fo ¢ar,

multiplied bytheweighting coefficient®) .

4 ey EE

(3.10
m- 8 sma [ 8
gmo | 8 sm- | 8
\Z (3.11)
\2r (3.12)

The weighting coefficientsp = (1.0, -0.5, -2.2 and 1.7), have beerlscted to
minimize the absorption of SOand suppress any variations that change linearly with
wavelength. Hence, the aerosol scattering effect, which is approximately linear with

wavelength over a narrow wavelength range, is suppressed in the calculagokTC of
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primary standard instruments locatedToronto are determinedt Mauna Loa observatory
using the zero air mass factor extrapolation (Langley plot method). It can be transferred to

other instruments by comparisons with a traveling standardimsnt[Fioletov et al, 2005]

3.2.3 Effective ozoneabsorption coefficients

To calalate the effective ozone absorption coefficients, the labord&tgrmined
0zone crossections at an effective atmospheric ozone layer temperature must be convolved
with the instrument slit functionyeighted by the solar fluxThe BP ozone crossectins
were recommended by the International Ozone Commissig®;C) in 1992
(http://www.esrl.noaa.gov/gmd/ozwv/dobson/papers/coeffs.html) for the Brewer and Dobson
networlks. The calculation of the absorption coefficients, which are currently recommended
by WMO for Dobson instruments, is describeddmmhyr et al[1993] (K93 hereinafter) and
the reevaluation is described Bernhard et al[2005] (BO5 hereinafter)Recently IQC has
recommended the ozone crasstions measured byerdyuchnkeet al. [2014], asthey
reduce the Dobson temperature sensitivitythis study ér consistencyvith previous works

the BP crossections are used. A correction factor

I 8 j 8 4 4 (313

based on the results &arnes and Mauersberggl987] as suggested by K93 is used to
adjust the crossections. This correction has also been implemented in the Dobson and
Brewer network. For wavelengths longer than 340 nm, where BP data are not available, the
Brion et al.[1993], Daumont et al[1992] and Malicet et al.[1995] (BDM) dataare used.

Thesedata sets are aNable at individual temperatures and also withdksociatedjuadratic

coefficients of temperature dependenam the IGACO (Integrated Global Atmospheric
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Chemistry Observations) web page. The temperature dependence of theectioss is

expressed as:

aril  Fr Frd Frd (314
where G, C; and G are the quadratic coefficients at wavelengtffhe quadratic coefficients
used throughout this studyeconsistent wh the K93 and BO5 calculations. The absorption
coefficients are calculated from the ozone cmstions, _HY and the ozonexumber

densityd a :

> o QR 4 E, (315

whered is the altitude of the station arifis the temperature in Kelvin. The total ozone
column &A(in Dobson unit equal to 2.69 10'° ozone molecules per square centimeigr)

defined as:

- % 4., (3.16)

where”Y is 273.15 K and  is the Boltzman constafit should be noted thab is used in the
equations whereas TOZ is used in tidvet). In order to account fahe finite bandwidth of the
Brewer and Dobson slit functions, the effective ozone absorption coefficierst used

instead of _ in EQ.(3.2) and(3.3) [Basher 1982aVanierandWardle 1969}

LAY e = =H A {Pm "y
- Ly '"ﬁ/ﬁ":;::-'-”y {FD=1 Wy

(3.17)

ra J___H. i} I

where"Y_h_ s the slit function for a avelength_ .
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The Brewer operative methaploys a simpler approximatipwhich isidentical to
the approximation method of BO5 and the simplest approach of &@Balso used by
Redondas et a[2014], Van Roozendael et gl1998], Scarnato et al[2009]andFragkos et

al. [2013]

=|=_> .. M’{lﬂf .y

RILELT (318

3.2.4 Ozoneair masscalculations
Both Brewer and Dobson retrievals assume a fixed height for a thin layer of ozone to
calculate the ozone air mass. The following expression is used by both instruments to

calculate relative optal air mass at a solar zenith angle-af

HP 1mli 4ml dm»v P ? (319
whereRe is the radius of the Earth,is the altitude of the station afis the height of the
ozone lagr. Using the mean Earth radius fRe instead of the actual Earth radius at the
station does not introduce a significant errof inHowever, it is important that the correct
value of the station altitude and the height of tzene layerbe used in Eq.(3.19). The
Dobson community has adopted @rone layer heighthat changesvith latitude which to
some extent is in agreement with ozone climatolagyle a fixed height of 22 km is used in

the Brewer network.

3.2.5 Slit function and stray light effect
Stray light is unwanted radiation from other wavelengths that arrives at the detector
during measurements at a selected wavelength. Scattering by instrument optical elements and

inefficient outof-band(OOB) rejection of the light bydispersive elements, e.g. the grating,
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are the main sources of stray light in the spectromeRagiculatescattering within the
instruments may also contribute to the stray light. Generally, holographic gratings with higher
line densites generate lowerstray light. The Mark Il and IV versions of the Brewer
demonstrate higher levels of stray light compared to the Mark Il as the Mark Il instruments
utilize a double monochromator with higher line density gratings that leads to significantly
better rejetton of theOOB light. The stray light within the Dobson instrument is comparable

to that of within the Brewer Mark IV and II.

Since the gradient of ozone absorption is large in the ultraviolet spectral region, the
stray light contribution from longer walemgths can make up a significant fraction of the
signal measured at shorter wavelengths whiers reduced by ozone absorptioAs the
ozoneslantpath increaseshe impact oftray lighton the measurements also increastray
light results in an uretestimated ozone column at larger ozone slant column amounts.

To properlycharacterize the stray light in an instrument it is necessary to measure the
instrument slit function. A H€d laser (single line at 325.029 nm) has been used to measure
the slit unctions of the Brewerf-igure 3.5 shows the measured slit functionsaBrewer
Mark IV #009 (single monochromator) and Mark Il #119 (double monochromator) located
at Mauna Loa Observatory (MLO). Several Brewer Mark IV, Markahd Mark Il slit
functions have been measured throughout various-@ot@parison campaigns (e.g. The
Fourth North American Interagency Intewmparisons of Ultraviolet Monitoring near
Boulder, Colorado, in 1997 and published lbgntz et al, [2002] and InterComparison
Campaigns of the Regional Brewer Calibration CeRigope (RBCEGE)). The slit function
contains the core (bafmhss), the shoulders, and the extended wiRggie 3.5). The stray

light meaured from nearby wavelengths (the wings of the slit function) is typically below
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10° times that of the primary wavelength in the Mark Ill double Brewers as compatéd to

in the Mark Il and Mark IV single Brewers. To reduce the effect of stray lightBrewer

Mark Il uses a cutoff filter which strongly attenuates wavelengths longer than 345 nm. A
solar blind filter (SBF) made of nickel sulphate hexahydrate (NBHO) crystal
sandwiched between two UV colored glass filters (similar to Schott UGS=drlVis also

used in the Mark IV.Figure 3.6 showsthe transmissiorof typical UG11-NiSO, filter
measured by a Cary 5E spectrophotoméfthe stray light level depends on the optical and
mechanical configuration which is uniqder each instrument, and thus tvapparently
identically configured instruments can have somewhat different OOB light rejection.

For this study, a symmetrical trapezoid is fitted to the measured slit functions of
Brewer #009 (Singlé Mark IV) and Brewer #19 (Doublei Mark 1ll). The model slit
function fit to the data (red line) includes three parts: a trapezoid with 0.55 nm FWHM at the
core banepass, the shoulders which are modeled by fitting @&rtaran function (details in
Table3.1) to the measured data and two horizontal straight lines for the outer parts (wings).
To investigate the effect of stray light, an ideal slit function which is trapalzeith a flat
top at 0.87 of the full height and two straight lines to zerits @55 nm FWHM has been
used Figure3.5, top left).

The slit functions of the world standard Dobson #83 were experimentally measured
by Komhyr using a tunable light sourfiéomhyr et al, 1993} However, the published slit
functions are restricted to the core bgadses. It has been assumed that the Dobson
instrument restricts OOB lighfrom enteringthe slit. The extended wings have not been
measured for the Da@bninstrument Basher[1982] attemped to estimate the level of stray

light within the Dobson instrument by fitting a mathematical model to the AD pair direct sun
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measurements and analyzing the total column ozone changes with Solar Zenith angle. His
analysis suggested that for most Dobswstruments the level of stray light is“1Based on
the nonlinearity of the AD direct sun measurements beyond an air mass factor of 3.

Another approach has been usedHwans et al[2009] to measure the stray light
entering the Dobson instrument. They used a filter that is opaque tepghie @minal short
wavelength banghass, and transparent outside of this range (Fig.Evams et al.[2009]).

The idea is the filter would remove thesded banepass from the signal and any current
remaining is from OOB light. This method was used to estimate the contribution of stray
light in zenith sky measurements of Dobs#ib in Boulder, CO. They also used a model
approach for the stray light coiftution in zenith sky measurements and concluded that the
level of stray light in Dobso#65 is likely 2 10°. However, the shortest wavelengths that
pass through the test, balaiiting filter do not include at wavelengths near by the slit
nominal wavelegth. Closeby wavelengths may important in contributing to stray light,

based on the Brewer measurements.
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Figure 3.5: Slit functions measured with a HeCd laser for single #009 and double #119 Brewers
at Mauna Loa as well as fitted models; The ideal slit function is also shown inside the main
graph.

Table 3.1: Optical characteristics of the Dobson and Brewer

Dobson Brewer
Nominal Wavelengths  305.5/325.0, 311.5/332.40, 310.0, 313.5, 316.8, 320.0
(nm) 317.5/339.9
Slit Function Short Channels: trapezoid Single: trapezoid at centre 0.55
1.66, 1.84, 2.02 nm at the baselan nm FWHM, Lorantzian fitted to
0.16, 0.16, 0.16 nm at the top the measured slit of #009 for
Long Channels: trapezoid shoulders
4.60, 5.40, 5.75 nm at the base and Double: trapezoid at cent@e55
2.35, 2.50, 2.50 nm at the top nm FWHM, Lorantzian fitted to
the measured slit of #119 for
shoulders
Other Filters Cobalt filter (cuts off light above Single: UG11 and NiSO4 filters
D360 nm) T zero below 280 and above
~345 nm

Double: Grating, PMT set zero

below 250nm and abo\890 nm
Stray light 1x10° and 1x10 Single: ~ 1x1¢

Double: ~ 1x16
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Figure 3.6: The response of typical combined U& 1-NiSO, filter utilized by Brewer Mark IV to
reduce the stray light measured witha Cary 5E spectrophotometer for Brewer #154 filters
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Figure 3.7: a, b) Dobson Cpair ideal slit functions. ¢) DobsonModeled slit function. Two

straight lines have been added to the core slit functions mrder to account for stray light.

The Dobson slit functions for short and long wavelengths are approximately a triangle
with FWHM of 1.06 nm and a trapezoid with FWHM of 3.71 nm respectiv@yufe 3.7).
For this study, symmetral trapezoids centered at the nominal Dobson wavelengths were

fitted to the experimentally determined slit functions of Dobson #83 and used as ideal slit
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functions. The characteristics of these trapezoids are giv€alle 3.1. In order to account

for stray light, two straight lines were added to the outer parts of the ideal slit functions.

3.3. Discussion

3.3.1 The effect of stray light on ozone absorption coefficients

To calculate the ozone absorption coefficierttsee standard values fileed in
Table3.1 andTable3.2 are employed. ITable 3.3 the coefficients calculated for the Brewer
single and double versions are shown. The values of calculated with the ideal
(trapezoidl) slit functions are the same as the operational values which are currently being
usedfor Brewer number#009 and#119. These values were calculated to test the retrieval
that is used in this studZomparing calculated usingnodeled slit functns with|
calculated using ideal slit functions shoW3% difference fothe single andess than 0.0%
for thedouble(highlighted in Bold affable3.3). Overestimating the coefficients according to
Eq. (3.9) leadsto anunderestimation ahetotal ozone amount.

The values of and| calculated for the Dobson instrument using the modeled

slit functions are provided ifiable 3.4. | is the adjusted set of coefficients which
are recommended by WMO to be udedthe Dobson network. After applying the K93 data
set to the observations made by Worlgrslard Dobson Instrument 8® at Mauna Loa
observatoryp.8% for AD pair and 2.2 % for CD paiifferences in the calculated total ozone
values were detectedK93 realized that increasing | by 2% would decrease the
discrepancies to below 0.5%hus, the adjusted values were recommended by WMO to be

used for the Dobson instruments.
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The | , and| calculated in this study using ideal (trapezoid slit
functions without stray light) slit functions and the slit functions wit? el of stray light
show less than 0.1% diffarees. However, the same comparison between the ideal slit values
and the results using the slits with“li@vel of stray light shows 4.0% and 6.9% difference
between values for AD and CD pair respectively.

Thevalues of calculatedusing ideal slit functions and the slit functions with
10° level of stray light agree with the corresponding values of K93 to witBi%4. In the
case of , the comparison indicates agreement to withim%3except for g where the
difference is abou67%. Approximately the same differeneeas reportecby BO5 for the
same wavelength compared to K885 have investigated this discreparmy using Molina
and Molina [1986] crossections to extend the BP datasets for Dobsdculedions and

concluded that the K9&alue for g is unreasonably high. As in BO5, the calculated value,

|, agrees better with the empirically adjusted value, . The comparison shows
agreement to within £1.6% between the values calculated for this work aK83hedjusted
values.

Generally, the differences between values presented here and those from K93 are
slightly higher than the difference between B0O5 and K93. However, it should be noted that
the slit functions and the parameters used in the calculati@sermied here are slightly
different from those used by K93 and BOEalle 3.1 and Table 3.2). The AD coefficient
calculated for a Dobson instrument with“1@vel of stray light shows a 3.6% deviation
compared to the adjusted values and for the CD pair the difference is about 7.2%.

Clearly, the smy light level within each instrument has an effect on the ozone

absorption coefficient calculations. This effect is negligible for the instruments with a stray
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light level on the order of 10 But the difference could be up to 4.0% and 6.9% for AD and
CD pair coefficients respectively for the instruments with levels of stray dighthe order of

10 when compared with the values calculated ugitegl slits. These differences translate to

an underestimation of ozone values through B®). However, by applying the Dobson
calibration procedure the difference between the AD measurements of the Standard
instrument and a calibrated one is reduced to less than [EvV&fsand Komhyr, 2008]

Using the quassimultaneous measurements of AD and CD pairs a scaling factor can be
calculated to reduce the CD measurementlddAD level. Therefore Dobson measurements

should be accurate to within +1%.

Table 3.2: Parameters for calculations of ozone absorption coefficients for standard conditions

Parameter This Work Komhyr[1993]

Effective temperature -46.3C -46.3C

Ozone profile Bhartia et al.[1985] for 45 N and 325 Bhartia et al.[1985] for 45 N
DU and 325 DU

Air mass 2 2

Ozone absorption cros: Bass and Pauf1985], adjusted with Bass and Paur [1985],

sections Barnes and Maersberge1987] adjusted with Barnes and

Mauersbergef1987]

Slit function Dosbon: Parameterized from Figure A, B, C and D pair slit

of Komhyr et al[1993] functions from Figure 1 o

Brewer: Parameterized from laser sc Komhyr et al[1993]
of #009 and #119 (Details i

Table3.1)
Extraterrestrial spectrum Chance and Kurucf2010] Furukawa et al[1967]
Rayleigh optical depth  Bates[1984] Bates[1984]

* For the work presented here the BDM Ozone csassions data set was used to extend the BP
cross section to wavelengths beyond 340 nm; K93 used unpublislagayddass and Paur.

An attempt is underway to measure the slit functions and the level of stray light of the
world standard Dobson #083 accurately (Personal communication with Irina

Petropavlovskikh, 2017). It is advisable that the new measured sliidiufcire used to
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recalculate the absorption coefficients. The new values should be recommended by WMO to

be applied in the Dobson retrieval algorithm.

Table 3.3: Brewer Ozone Absorption Coefficients

Effective Ozone Absorption Coefficieratthcm)™
Slit Function Ratio”

Ideal Model

0.3390 0.3388 0.3409 0.9%

Operational

|
Single | 0.3338 0.3363 1.01
| bl 0.99%7 1.014 1.007
| 0.3395 0.3394 0.3394 1.000
Double | 0.3398 0.3397 1.000
| bil 0.99 0.99 0.999
* |deal/Model

Table 3.4: Dobson wavelengths and Ozone Absorption coefficients

Effective Ozone Absorption Coefficient (atm ¢hm)
Komhyr et al. [1993] This Work

Model (Ideal)  Model (10°) Model (10%

Wavelength,

nm or pair | | | | | | | | |
305.5 1.917 1.915 1912 1930 1.913 1929 1.867 1.870
325 0.115 0.109 0.114 0.1112 0.124 0.111 0.119 0.111
A 1.802 1.806 1.806 1.799 1.819 1.799 1.818 1.748 1.759
311.5 0.87 0.873 0.867 0.879 0.868 0.879 0.848 0.846
3324 0.039 0.04 0.041 0.042 0.041 0.042 0.042 0.042
C 0.831 0.833 0.833 0.826 0.838 0.827 0.838 0.806 0.804
317.5 0.379 0.384 0.383 0.390 0384 0.390 0.393 0.387
339.9 0.01 0.017 0.010 0.010 0.010 0.010 0.010 0.012
D 0.369 0.367 0.374 0.373 0.380 0.374 0.380 0.382 0.376
AD 1.433 1.439 1.432 1426 1.439 1425 1.438 1.366 1.383
CD 0.462 0.466 0.459 0.453 0.458 0.452 0.458 0.424 0.428

* The numbers inside the braces are showing the levels of stray light.

73



1.05 T . . T |

0.95+

AD range of
measurements <>

CD range of |
measurements

Ratio (Model/True)
(=]
w
T

0.85H —e— Double
—e— Single

—e—AD 10
0.8H —e—AD 10°7°
——CD 10
—e—CD 107

l L
200 400 600 800 1000 1200 1400
Ozone Slant Path [DU]

0.75
0

| 1
1600 1800 2000

Figure 3.8: Ratio of the values retrieved from modeled single and double Brewers as well as a
Dobson instrument with different levels of gray light (the numbers in front of the pairs are
showing the levels of stray lightfor an assumed 325 DWf ozone in the atmosphere (See text for
details). The calculations reported here for the absorption coefficients have been used to
retrieve total ozone. It should be noted that the air mass factor range recommended for AD
measurements is 1.015 to 2.5 or less than 800 DU OSP and for CD measurements is 2.4 to 3.5 or
less than 1200 DU OSIPEvansand Komhyr, 2008]

3.3.2 Stray light influence on low-sun measurements
To illustrate the effect of stray light on lesun measurements, the percentage
difference between ozone derived using Brewer and Dobson retrievals with assumed constant
ozone in the atmosphere are depicted as a function of ozone slant path (OSP, total ozone
times air massin Figure 3.8. Equation(3.1) along with paameters indicated ifiable 3.2 is
used to model the atmosphere and calculate the solar spectrum at the Sorfateeve the
ozone valuesthe absorption coefficients calculatedtire previaus sections are used. The
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ETC values are calculated using the Langley metimrgidering the data corresponds to air
mass factors less than 2 and 3 for Brewer and Dobson respectively. FsonDobdels the
same ETC values as the one calculated using &leéslare used for the other models (i.e.
with 10* and 10 levels of stray light)Two versions of the Brewer are compared with the
Dobson instrument measurements with two levels of stray light. AD measurements tith 10
order of stay light show approxnately 256 discrepancyat 2000 DU OSP (air mass 6.2 in
this case).The difference is about 5% fa typical single Brewer at the same OSP. The
underestimation of total ozone as measured by the AD pair of a Dobson instwithet®
level of stray lightcould be up to 6% at 2000 DU OSPhas to be noted here that AD pair
measurements are done for air mass fadess than 2.5 and thus during the ozone hole
period (total column ozone is less than 300 DU) Dobson data will be reported felg3SP
than 50 DU[EvansandKomhyr, 2008]

Evidently, the CD pair is less influenced by scattergttlthan the AD pair because
of the smaller ozone crosections at the CD wavelengths and the consequent smaller
gradient withrespect to wavelength in the spectrum measured. For a Dobson instrument with
a minimum level of stray light (1%) the differene for the CD pair could be up to 1.8% at
2000 DU OSP while it is less than 0.8% for a typical double Brewer at the same OSP. It has
to be noted that Dobson CD total ozone is reported for air mass vatwehe.4 and 3.5,
and thus OSP is less than 1100 for total ozone (TOZ) less than 300 OBHvansand

Komhyr, 2008]
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Figure 3.9: a) The ratio of total ozone retrieved frommodeled Dobson AD and CD pairs with
different levels of stray light to true ozone as a function of OSP. b) The ratio of AD to CD
values. The adjusted coefficients recommeled by WMO are used to derive the total ozone
amounts for these models. The ETC values that were calculated using the Langley method for

an ideal instrument are used here as well.
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3.3.3 Total ozonevaluesretrieved from Dobson AD and CDpairs

For decades the son community hasaced a discrepancy between the ozone
values deduced from quasimultaneous AD and CD pair measurements. As indicated by the
Dobson operational handbook, AD observations are the standard for the Dobson instrument
and all other observains must, therefore, be reduced to the AD level by determining a
multiplying factor. For example, the ozone values deduced from measurements on CD
wavelengths should be multiplied by the factor Qb cp (Where Xap and X¢p are the
average ozone measurerteretrieved from AD and CD pairdgrived from a large number
of quasisimultaneous observations coveringalard r ange of € valwues gr
reduced to those deduced from AD measurements.

Figure3.9 illustrates the percentage discrepancy in total ozone reduced from AD and
CD pairs for two modeled Dobson instruments witffedent levels of stray light as a
function of OSP. The ratio of the AD to the CD pair is also shdwe. adjusted coefficients
calculated by K93 and recommended by WMO are used to derive the total ozone amounts for
this model. The ETC valuethat were calulated using the Langley method for an ideal
instrumentareused here as wellt can be seen that, as the level of stray light increases, the
difference between the AD and CD values increases, indicating the role of stray light in the
observed discrepanchetween AD and CD value€learly, such a difference varies for
different Dobson instruments as it depends on the level of stray light which is unique for each
individual instrument. It should be noted that, as discuss@&3id, these discrepanciese
generally reduced during calibration using simultaneous measurements with a- well

maintained, standard instrument.
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3.3.4 Error caused by air masscalculation
To retrieve the total ozone from direct sun measuremiemsrequiredthat the ozone
air mass value be calculated. For measurements at the South Pole, the following values are
used by the Dobson community ky. (3.19): Re = 6356.912, r = 2.81 km, and h = 17 km.
Figure 3.10 shows the ratio of calculated air mass values using these numbers and those
calculated using four different sets of assumptions. It is obvious that the fixed ayene |
height of 22 km, as used by Brewer retrieval, can cause up to a 2.2% difference at an air mass

of 5.4.1n addition,the altitude of the site can introduce a significant difference at high solar

zenith angles.
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Figure 3.10: The left-hand axis shows the ratio of air mass calculated for the South Pole
employing Re = 6356.912 km, r = 2.81 km, and h = 17 km as a reference to those calculated
using a mean value for Re = 6370 km as used in the Brewer retrieaid different values for the
altitude of site (r) and the height of ozone layer (h). The blue line indicates the discrepancy

resulting from different values assumed for the radius of the Earth.
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3.4. Brewer and Dobsomeasurements athe South Pole

Total ozonemeasurements collected bydk Dobson instruments82, #42, and#80)
and one double Brewer Mark |[Ii#085, collocated and operated simultaneously at the
AmundsenrScott site (24.80W, 89.99S, altitude 2810wmwgre used for this emparison.
Double Brewer #85 was installed at the South Pole station in 2008 and since thvasiit
routineoperationuntil it was replaced in 2018 he Dobson instruments have been repeatedly
changed out anchlibrated against rafence Dobson instrumen83.

Quastsimultaneoudlirect sun measuremergerformedwithin 5 minutes during the
period February 2008 and December 2014 were used in the present analysis. The air masses
calculated by the Brewer retrieval were corrected using(Ef9) by applyingthe values
used by Dobson instrumentsgR 6356.912, r = 2.81 km, and h = 17 km) to be consistent
with the Dobson air masses

The data presented hezemprisethe entire dataetcollected by the instruments for
research anthaintenanc@urposesThe oone absorption coefficients calculated[Bypmhyr
et al, 1993]and recommended by WMO have been used to retrieve ozone values for AD and
CD pairs.It is necessary to mention that only the datfiected withan air mass factor less
than 2.5 or OSP less than 800 DU would be reported for AD pair measurements to the World
Ozone and Ultraviolet Data Centre (WOUDC) or other institutes for regular research
purposes. The range of air mass factor forf@&surements is 2.4 to 3.5 and that megans
the case of the South Pole station, the maximum OSP would be 1100 DU.

Figure 3.11 presents a comparison of the Brewer total ozone measurements with
Dobson ozone observations redudexn the direct sun AD pair as a function of OSP. The

ratio between the uncorrected Brewer data and Dobson measurements are also shown in the
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same plot. The ratgbetween the Brewerorrected data and the Dobson values shows some
dependence on OSP: the li3on #82, #42, and #80 are on average 1%, 0.46% and 1.6%
higher respectively for OSPs below 800 DU. When the OSP is above 800 DU, Dobson
measurements gradually become lower by up to 4% for OSPs up to 1400 DU for Dobson #42
and #80 and up to 5% for OSPs tgp1200 DU for Dobson number #8Bigure 3.12 and
Figure3.13). Figure3.12 andFigure 3.13 showsa box plot of the difference between double
Brewerozone measurements and Dobson values retrieved from AD and CD pairs. The data
are binnedn 100 DUintervalsfrom 400 to 200@U. On each box, the central red line is the
median, the edges of the box are the 25th and 75th percentiles, the whiskergeextend

most extreme data points not considered outliers, and outliers are plotted individually.

The ratio between Dobson CD pair measurements and the Brewer data also shows a
dependence on OSIFigure 3.11). However, CD pair ozone values are on average 3.4%,
4.5%, and 2.5% higher for almost the entire measurement set for Dobson #82, #42, and #80,
respectively. It should be noted that the CD pair values are scaled to the AD pair for each
individual Dolson instrument. The scaling factors used for Dobson #82, #42, and #80 were
1.043, 1.025, and 1.03 respectively. The calibration procedures and the method for
calculating the scaling fact@re described and published by WMO in GAW report No. 183
[EvansandKomhyr, 2008]

It can be seen from this analysis that Dobson #42 TOZ values showefs=ssddnce
on OSP. Based on the physical model developed in this work, it could be concluded that this
instrument has a significantly lower level of stray light than the other Dobson instruments

(#80 and #82).
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Figure 3.11: a) The ratio of quasisimultaneous observations (within 5 min) using Dobson AD
wavelengths to double Brewer #085 data at the South Pole. b) Same as (a) using Dobson CD
pairs. Brewer air masses have been corrected usinthe values used for the Dobson
measurements for the radius of the Earth, ozone layer height and the altitude of the site. D/B85
is the ratio of all data from three Dobson instruments and Brewer data before corrections for
ozone layer height and station aitude. ADDSGQP: AD direct sun measurement using a ground

quartz plate, and CDDSGQP: CD direct sun measurement using ground quartz plate.

81



11

1.08

1.06

1.04

1.02

1

0.98

Ratio (D82/B85)

0.96

0.94

0.92

ADDSGQP

0gl
[400,500)

11

1.08

1.06

1.04

1.02

1

0.98

Ratio (D42/B85)

0.96

0.94

0.92

+ m-n--uﬂl—-l]]—-l +

o per [T}

I+
+ {1
S

I 1
[900,1000 [1400,1500)
Ozone Slant Path Classes [DU]

ADDSGQP

s
[1800,2000)

09
[400,500)

11

1.08

1.06

1.04

1.02

1

0.98

Ratio (D80/B85)

0.96

0.94

0.92

==

+o--{T}
L a3 -»l-l]]—-}

+ o+ HH
I
r-{TF-4

I 1
[900,1000) [1400,1500)
Ozone Slant Path Classes [DU]

ADDSGQP

.
[1800,2000)

T

09L
[400,500)

L 1
[900,1000) [1400,1500)
Ozone Slant Path Classes [DU]

)
[1800,2000)
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data points not considered outliersand outliers are plotted individually.
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3.5, Summary andconclusions

Physical models of the Dobson instrument and two types of Brewer
spectrophotometer were developed to help better understand the effects of stray light on
ozone measurements. The influence s$uming a fixed ozone layer height on air mass
calculations and its error contribution to the ozone retrieval were also examined. The target
accuracy for grounttased ozone measurements is 1%, while mathematical models show that
the stray light effect cacausea discrepancyor a typical single Brewer and Dobson AD pair
at large ozone slant paths of uptd and25%, respectively. At 2000 DU OSP tlkfference
for a double Brewer and a Dobson pB@ir with minimum level of stray lightL0) is up to
0.8% and 1.8%, respectively. Thieffect restricts measurements at high latitudes, like polar
stations, particularly in the late winter and early spring when the ozone slant column is
particularly large.

Stray light also can affect the calculation of ozone giigm coefficients. Currently,
an approximation method is used to calculate the absorption coefficients for Brewer
instrumentsThe analysis shows that using a measured slit function (insteand idkalized
trapezoidal one) and takingto account the dar spectrum, leads ta 0.26 difference in
calculated coefficients fatypical single Brewer.

Absorption coefficients fothe Dobson spectrophotometers, taking into account the
effect of stray light,have been calculatednd compared with the resultsd similar
calculations by K93, which are the coefficients recommended by WMO. The slit functions of
Dobsor#83 have been measured using a tunable light source (K93). It is assumed that the slit
functions of other Dobson spectrophotometers are similar éostindard oneThe slit

functions were modeledo examine the effect of stray light on the calculation of ozone
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absorption coefficientsThe results show that £Gevel of stray light has negligible effect on
absorption coefficient calculations while t#ference could be up 4.0% and 6.9% for AD
and CD coefficients for an instrument withll@vel of stray light.

Coefficients for a Dobson with a minimum level of stray ligh®®) agree to within

0.01%and 1.7% forr and]  with K93 respectively, noting that the slit functions and
parameters used by K@hdin this work (Table 3.1 Table 3.2) are slightly different The
calculation for] g shows a67% difference with K3 6 s r esul t |l eading t
3.4%,and-1.%6 in| ,and . BO5 also have foundpproximateljthe same difference for
this value( g) wi t h K9360s cal cul aatiKO3.6 s Thveayl ue o nfcolr
wavelength is unreasarb | v | arge and | i kely caused by a
adjusted value far r ecommended by| WO, but ;micreksed3by 2%. The
differences betweethe calculatiors in this work(using Ideal slit function and slit fution
with 10° level of stray lightlandthe WMO values arel.6%, 0.5% and-2.6%for| ,|
and , respectively.

Using modeled slit functions with0* level of stray light up to-3.5%, and-7.2%
differences between calculatedefficients and WMO values for , and| are found
Overestimating the values translates tan underestimation of total ozone. However,
through the calibration procedytée difference between Dobson AD values of the standard
instrument and a calibrated ongrereduced to less than 0.7%.

When quassimultaneous measurements are made using Dobson AD and CD
wavelengths, the results may not agree. For decades the Dobson community has faced such
differences. The AD pair is the standaor Dobson measurements and the observations

using other pairsodé data s houlQurahalysissndicatesed t o
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that the difference between quasnultaneous measuremsnising AD and CD pairss
related to the level of stydight inside each Dobson instrument. Higher levels of stray light
lead to larger differensdbetween the values deduced from AD and CD wavelengths.

Both Brewer and Dobson retrievals assume a fixed height for the ozone layer to
calculate the ozone air ® A fixed height of 22 km is used by the Brewer network for all
sites while a variable ozone layer heighangingwith latitude is employed by the Dobson
community. The assumption of a 22 km height for the ozone layer at the South Pole
compared to thd7 km height used in the Dobson analygesds to a2.2% difference in
ozone column at an air mass5od.

Comparisons with total ozone data from a double Mark Il Brewer spectrophotometer
located at the South Pole indicate some dependence on OSP Bwhiben measurements.

For the OSPs below 800 DU the AD vales are genetédyhigh. However, for OSPs larger
than 800 DU the Dobson AD measurements are low by up to 4% at 1400 DU OPS.

The observations made at the CD wavelengths also show some dependé&gfe. on
Compared to Brewer data, the CD valaeg on average4% higher for almost the entire
range of measurements. However, as is the case for the AD pair, the CD pair values also
decrease at larger OSRsshould be noted that the Dobson AD and CD psasurements
are not reported for air mass factors above 2.5 and 3.5 respectively due to the effect of stray

light.
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4.1 mprovement sMABOSTTRG A

Measurement s

The MAESTRO (Measurement of Aerosol Extinction in the Stratosphere and
Troposphere Retned by Occultation)nstrumentis a UV-Visible-NIR moderateresolution
spectrometer oboard the Canadian satellite SCISAT as part of the Atmospheric Chemistry
Experiment (ACE) mission flying along with a Fourier Transform Spectrometer (the ACE
FTS) sinceAugust2003. It collects solar occultation spectra in the visible and near infrared
regions of the solar spectrum from 40010 nm with resolution of approximately 2 nm.
MAESTRO is able to measutke strong absorption features of the oxygen moleculéén
A- andB-bandsat 762 nm and 690 nm, respectively, which are used to derive atmospheric
temperature and pressupeofiles. The retrieval algorithm is based on a global fit that
simultaneously fits all spectra from a single occultation to determinesityderofile, which
is then used to determine pressure and temperature. The forward model uses alfgst line
line calculation and correlatddtechnique to accurately model atmospheric absorption and

the nonlinear saturation effects in the occultatiomgstoy,. The Q spectroscopic parameters
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formerly used in forward model were from HITRARDO4 (high-resolution transmission
molecular absorption databas#004 release)Line data for theD, A- and B-bandspectral
features have been significantly improvedhe most recent update of HITRAN (2012). This
researchdiscusses the improvement of the retrievals with the new oxygen parameters.
Temperaturgressure profiles derived using these new parameters are compared with
previous profiles and the profiles retrezl from ACEFTS (Fourier Transform Spectrometer)
data The new pT retrievals could be used to derive accurate pointing information for
MAESTRO which has the potential improvement for MAESTRO profiles of ozone and other
constituents.

A manuscript on thistudy iscompletedand will be soon submitted tdournal of

fAtmospheric Measurements and Techniques

4.1 Introduction

MAESTRO is part othe Atmospheric Chemistry Experiment (ACE) mission. It was
launched on the Canadian sate]li®CISAT, on August 12, 2003MAESTRO measures a
wide range of solar spectra in Occultation mode from 400 nm in UV region up to 1000 nm in
the vsible with a spectral resolution between 1.5 arfsl rin. Three bands of molecular
oxygen appear ithe MAESTRO visible and neanfrared sgctra: the strond-bandcentred
at 762 nm, the weake3-banda t 690 nm, and -bardet 68unmhhe we a k e
MAESTRO retrieval is able to determine the pressure and temperature profiles by using the
measurement dhe O, A- andB- bands as the mixing ratio tfe oxygen molecule is known

and constant in thedposphere and stratosphere.
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The primary goal of MASTRO instrument in the ACE mission is the measurement
of ozone, NQ and aerosol exiction. However,the simultaneous measurement of pressure
and temperaturealong with trace constituents is highly desiable because it guarantees
accurate altitude assignment faeasurements through the entire measurement altitude range
with a consistent instrument field of view (FOV). Pressure and temperature profil@sare
essential for usin the retrieval of tracegases with temperatutependent cross sections,
accurately calculating Rayleigh scattering and ray tracutgch are both dependent on the
atmospheric density profildir density data are also useddatermining mixing ratiefrom
retrieved number deaity profiles of constituents. Moreover, MAESTROdhigh-verticat
resolution temperature profiles could be used as an independent data product for stratospheric
temperature trend analysis, or in polar stratospheric cloud studies.

The molecular wygen constat vertical mixing ratio in combination with th@,
A-bandfeature has been used by various sgmsed missions for remote sounding of the
atmosphereThe O, A-bandmostly is used for deriving a column air mass for determining
cloud top heiglg, pressureand surface pressure or to provide a reference air jGasp et
al., 2008;Wang et al.2008] The Orbiting Carbon Observatory (OCO) ssion also usethe
A-bandto determine @columns for improving the accuracy of €@ixing ratio retrievas
[Crisp et al, 2008] Usingthe A-bandfor p-T retrievals has been attempted by the Improved
Limb Atmospheric Sounder (ILAS)Sugita et al. 2001] ILAS-II [Sugita et al. 2004] and
the Stratospheric Aerosol and Gas Experiment (SAGHPItts and Thomason 2003] but
none of their sensors covidie B-band

Daniel et al.[2003] showed that adding thB-band and the @O, feature near

477nmto the calculation of cloud parameters fréatpandmeasurements could improve the
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retrieval uncertainties by as much as 50%. It also coelddad for measuring chlorophyll
emission[Gordon et al. 2011] which can contribute to biases in &band measurements
over growing vegetatiofFFrankenberg et al.2011] KuzeandChance[1994]andYang et al.
[2013] also showed the potential 8tband measurementfr deriving cloudtop pressure.
The SCanning Imaging Absorptiorspectrometer for atMospheric CHartographY
(SCIAMACHY) has used thB-bandfor tangent height correctiofideyer et al. 2005]

MAESTRO, appears to béhe only occultation sesor that measures both the &
and B-bands(with the exception of occasional occultation observation by SCIAMACHY)
An analysis using the simulated data demonstrated the capability of MAESTRO
measurements to retrievelpprofiles[Nowlan et al. 2007] It showed that pressures should
be able to be retrieved to within 1% and temperatures to w&thihover most altitudes.
Spectroscopic parameters usedhaforward model vereone of thesources otincertainy.
HITRAN-2004 databastrmerly was used as a source for spectroscopic parametettsefor
retrieval forward modelThe B-band parameters camed in HITRAN2004 were not well
quantified. Also, there wagmited information provided for uncertainty estimates. Even the
A-band parameters provided in HITRA2004 were not characterized sufficienfliran et
al., 2006;Yang et al. 2005] Improvements of the spectroscopic parameters can resait in
improvement of the MAESTRO-P retrievals.

MAESTRO trace gasetrievak currently rey on the pointing information derived by
ACE-FTS software from {I profiles as pointing information praled by the SCISAT
satellite is not reliableA poor FTStangent altitudeetrieval results in a poor MAESTRO
retrieval. An accurate MAESTRO-P retrieval can also be used to deriv@re accurate

pointing informationfor MAESTRO provided the profiles are rigorally linked to the
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MAESTRO trace gas observationBhis may make the MAESTRO retrievals completely
independenof those of FTS.

The eventual goal is that the retrieval algorithm developed -fbrppofiles will be
used operationallyo retrievea p-T profile and provide tangent altitude information for the
retrieval of profiles of otheconstituents during each occultation. Reliable tangent height
profile derived from an accurateTp profile would improve the retrieval of ozone,NO,
aerosol and other ostituentprofiles which haveabsorption featurewithin the MAESTRO
spectral range.

O, band spectral features have been significantly improvetidmecent update of
HITRAN (2012) [Gordon et al. 2011;Havey et al. 2009;Long et al, 2010;Robichaud et
al., 2008] In this sty the impact of different HITRAN database on MAESTRO profiles
retrieved using data acquired by the satellite instrumeratrioih are discussed. Comparisons

of profiles with the ACEFTS satellite data are also presented.

4.2. Occultationmeasurements

Solaroccultation is the primary mode of the AGEFAESTRO measurement. ltne
solar occultation technique the transmission of sunlight after passiggntiallythrough the
Earthdos at mospher e 1 sFigaoredd shaws a schematic df & sinrisen s t r
solar occultation measurement. The spectra collected during an occultation contain the
spectral features of at mospheric constituen
are carried out at a series of tangentheights o s est di stance between |

surface), increasing in altitude during a sunrise and decreasing in altitude during a sunset.
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Figure 4.1: Schematic of a sunrise solar occultation measurement

The MAESTRO instrument collects approximately 60 spectra at different tangent
heights ranging between O and 100 km during each measurement sequence. The
exoatmospheti measurements (recorded where no atmospheric features are present) are also
included in each occultation sequence. These measurements aréousehtea solar
reference speatm which allows the occultation instrument to be se#librating. In
occultaton measurementshe instrumensensitivity changeand solar cyclevariationsover
time are canceled out as the spectra collected at different tangent heights are ratioed to the
solar reference measuremettsietermine optical depth spectfdmospherigrofiles can be
retrieved with high vertical resolution thanks tlte occultation geometry as spectra are
heavily weighted to the tangent layer. Poor horizontal resolution and lack of global coverage
across latitude are the main disadvantages of ocaultateasurements. Fifteen sunrises and
fifteen sunsets per day occur for SCISAT with650-km altitude and 74inclination circular
orbit. The latitudinal coverage for SCISAT occultations during one year is shown in

Figure4.2.
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Figure 4.2. SCISAT latitude coverage during a year. (From ACE mission website

http://www.ace.uwaterloo.ca/mission_orbit.php

The EarthSun satellite geometry at the time thie measurements deterrei the
location of a sunset or sunrise. The orbital parameters have been optimized to ensure that
SCI SAT6s measurements occursofibath theretic and s pect i

Antarctic when maximum ozone destruction takes place.

4.3, MAESTROIinstrumentdescription

The MAESTRO instrument comprises two independent spectrometers measuring (1)

UV and Visible spectra from 280 to 525 r{ldV) with a resolution of approximately 1 nm
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and (2) Visible and Nednfrared spectra from 525 to 1010 rfis) with spectal resolution

of about 2 nm.Figure4.3 shows a schematic of the MAESTRO optical design.

uv VIS
Holographic Grating

Lens 22mm /2

UV Transmitting
lan-Taylor Polarizing Prism

Backscatter Port Backscatter Port
|

80/20 Beam Splitter

7X Telescope

90 deg. translation
for clarity (Sun into page g

Dump and
70/30 Beam Splitter 90/10 Beam Splitter  Alignment Port

Figure 4.3: Schematic of the MAESTRO optical desigrfFrom McElroy et al.[2007]).

Each spectromet@onsists oh lens, slit, concave holographic diffraction grating, and
1024 pixel Reticon photodiode array detector. During measurements, the MAESTRO
instrumentreceives the solar light through the input port. Then the light passes the input fore
optics until it reaches to the two independent spectrometers contained within the full
instrument. Light is then focused onto a slit using each lens. The holograptimg dgihen

diffractsand focuseshe light onto the photodiode array where the intensity of solar radiation
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is detected by the array of 1024 individual detector pixels at various wavelgiigtilsoy et

al., 2007] The main characteristics of MAESTRO are summarizethinie4.1.

Table 4.1: Main characteristics of the MAESTRO (From McElroy et al.[2007])

Spectrometer
uv VIS

Nominal wavelength range 285-565 nm 515-1015 nm
Calibrated wavelength range in occultation 400-545 nm (pixels 463-954) 520-1010 nm (pixels 21-1010)
Spectral resolution ~1.5 nm ~2 nm
Pixel spacing ~0.3 nm ~0.5 nm
Main sources of extinction 04, NO,, aerosol and O3, 0,, 0,-0,, H,0, aerosol

molecular scattering and molecular scattering
Secondary sources of extinction S0, OCIO, BrO NO,
SCISAT orbit circular, 650 km altitude, 74° inclination
Instrument FOV ~1.2 km (elevation) X 25 km (azimuth) (at 22 km tangent)
Observation modes Solar occultation

Nadir backscatter

Detectors 1024 pixel, Reticon photodiode array
Gratings Concave holographic, 94 mm focal length
Signal to noise ~1000-3000 (high Sun)

The spectral r an g emeters condwaheé 8bSaRp0od teattsep @fc t r o
number ofatmospheric constituent¥able4.2 presents the species that can be measured by

MAESTRO and their expected accuex

Table 4.2: Data products of MAESTRO [McElroy et al, 2007]

Product Altitude (km) Accuracy
Os 50- 80 10%
20-50 3%
10- 20 10%
8-10 15%
NO, 40-50 15%
20- 40 10%
10- 20 15%
8-10 25%
Aerosol Extinction 10-50 1013 O.I
8-10 0.010.D.
Aerosol Wavelength Dependence 15-30 0.005 O.D. per 100 nn
Water Vapour 8-20 100 ppm
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4.4 MAESTRO O measurements

Three strong bands of oxygappear inthe Vis spectrometepbservations made by
MAESTRO. Figure 4.4 shows he optical depth spectra for several sample tangent heights
derived from a sunsélAESTRO occultation measurement. The position of @dsorption
features are also demonstrated in the MAESTRO spettra. strongA-band of oxygen
cenered at 762 nm and lies in a region where other species absorb and scatter weakly. The
slightly weaker B-band is centered at 690 nnand is more affected by ozone the
Chappiusband- and also more influenced by Rayleigh and Aerosol scattering tha#-the
band. The much weakér-bandis centered at 630 nm and lies in a region with strong
scattering and absorptidny ozone. Preliminary assessment of MAESTRO spectra shows that
it is difficult to distinguish thisbandfrom instrument noise especially when much of the
signal is remved byRayleigh scattering at low tangent heightberefore it is not being

used inthe pressurelTemperature retrieval.
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Figure 4.4 MAESTRO Optical depth spectra for several sample tangent heightdrom

occultation ss4043McElroy et al, 2007.
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Figure 4.5: (top) transmission calculated for O,-only through the atmosphere for the A and B-
bands,at tangent height of 30 km;high spectral resolution (red) and 2nm MAESTRO spectral
resolution (blue). (bottom) High-resolution cross-sectionsof O, A- and B-band for a typical
pressure (12 hPa) and temperature (226 K) at an altitude of 30km

Figure 4.5 shows high-resolution @ A- and Bband crossections for a typical
temperature and pressure at 30 knitumle as well asimulated Q@ measurements for a
tangent height of 30 km for a higipectrairesolution calculation and for the MAESTRO
2-nmresolution. Even at this altitude many absorption lineth@most abundant £sotope
have saturatedandthus he contributions ofelatively weak branches of the less abundnt
isotopes become importamilthough each @ band has hundredof lines at high spectral
resolution, MAESTR® &w-resolution VIS spectrometer detecisly one broad feature for

each band.
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4.5. Pressure andemperatureretrievalmethod

The pT retrieval, developed bfaroline Nowlan [2006] for MAESTRO, closely
follows the method of Rodgers 2000] Here only a brief description of the method is
presented following the notation Bbdgerqd2000]andNowlan[2006].

The emote sounding of atmosphere pressure and temperature vertical profiles
involves the measurement of a weldlxed gas with a known mixing ratias a function of
altitude CQ, is commonly used for thigpurposeby Infrared sounders but the oxygen
molecule is the only welnixed gas thahasabsorption featurethat appear in MAESTRO
spectra. The @mixing ratio is 0.2094 and constant througiime atmosphere up to about
85km. It is possible to derivéhe profile of the O, number density in the atmosphere using
thetwo strong absorption bands of oxygé#n andB-bands) which appear in the MAESTRO
spectra.

The MAESTRO pT retrieval uses an inverse method to estimate the profile ofthe O
number density for each occultation from remote measurements of the radiation transmitted
through the atmosphere as a function of wavelength in the spectral regions of the oxygen
bands. The inversion algorithmfits the measured optical depths, derivédm the
measurements of the differential absorption between an exoatmospheric solar reference and
occultation spectra atifferent tangentaltitudes to modeled optical depthgeneratedy a
forward model thatncludesthe atmosphere radiative transfer and instrument effects on the
signal, to retrieve the oxygen number density profile. Then, using the kngmix{Dg ratio,
the total air density is derived as a function of altitude from the retrieved profile afhe

oxygen density. The pressure can be calculated from the hydrostatic equation:
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- I vz ol (4.2)

where Qs the acceleration of gravity. And using the ideallgasa temperaturd , for a gas

can be derived from the known pressure and deasity

A
1 =

Tz (4.2)

wherel is themolecularweightandRis the gas constant per mole.

4.5.1 Retrieval algorithm

In atmospheric research the Optimal Estimation Method as develop&bdygers
[2000] is commonly used for retrievals to derive the atmospheric state rfreasured
absorption spectr&Consider the atmospheric state or tluantitiesto be retrieved as sate
vectorx with n elementsx;, %, € ,.. The atmospheric measurements can be stored in a
vectory consists ofn elements with measurement errers- & . Following expression

relates the measurement vegtdo the state vectot

« e & (4.3)
where the forward modefF(x,b) encapsulates our understanding of the/spcs of the
measurements arttie b vector containghe model parameters whiclare those parameters
that impact the retrieval but are not included in the state vector (e.g. the radiative transfer
parameters and instrument characteristics).
The desired alue here is the state vectAissuming the forward model isvertible,

the best estimate of the state vecxoryould be the retrieved vectar, as:

° =| cﬁﬂﬁo:i:ﬁ{'f (4.9
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Ris the transfer function which maps the values from measurement todstatetainsthe
best estimate dhe forward model parameter& is a vectorcontaininga priori estimate of
the atmospheric state, andncludes retrieval method parameters which are any parameters
that may influence the retrieval but are not included in the forward model, such as
convergence criteria.

This is an inverse probie and the MAESTRO retrieval uses an iterative linearized
minimization to minimize a cost function that represents the squared difference between the
observatiory weighted bycovariance matriXY (derived from error vectgr) and theforward

modelF(x), as expressed by:

oo ooge @ g (45)

O
To simplify the problemat each iteration the forward model isinearized using Taylor
series expansion about current guURSSS:

z

A
[ ]
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[
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(4.6)
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In addition the retrieval constrains the solution vectoatoriori knowledge of the state (e.g.

a forecast or external measurements) by minimizing the expression
1
I—+ ° o, L -”+ ° o, 4.7
simultaneously with other constraints wiae> and “Y contairs the best estimate of the state
vector and its uncertainties respectively before the measurements are conducted.

In order to suppress any unphysical oscillation resulting from the noise during the

measurements the retrievamnploys a second orddikhonov[1966] smoothing constraint
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which minimizesthe displacement of a retrieved valugrelative to its two neighbors

(w Cw ® ) bythe expression

= d o (4.8)

&8
88 .
oy oy
. a8
45 o & (4.9)
&8
o &8 o

if x is defined on an evenly spaced grichus, the cost function including the difference
between measurements and the forward modelatpgori knowledge, and the smoothing

constraint is expressed as:

O

LI_ F |_=|= P Fy
: - (4.10)

Ww Ow Y w Ow W 0w Y o o [tiw
To minimize the cost function, the derivative bivith respect to the retrieved parater

vector x should be set to zere« ™) after linearizing abouthe current guess; using

equation(4.6). The retrieval attempts to minimize the cost functidheach iterationi+1 ,

the new state is defined as:

. H'|| Lz;; -||=|= 79 H'|| « 3 e -||=|= o oL A (4.112)
whereH = L'L (the partial differentiatiomf smoothing termjand; represents the strength of

smoothing term and is optimally determinedthg L-curve [Hansen 1992]technique.The

101



iteration continues until a specified convergence criteras defined by Rodgers for
mi ni mization of the stateds cost function i s
Furthermore, the gain matrix which represents the seigitof the retrieved state to a

change in the measurements is expressed as:

Uy Loy aq Uy (4.12)

and the sensitivity of theetrieved state to thetrue stateat each laye(Averaging kernel

matrix) is defined as:

A\
[ J

= q.L — (4.13
The trace otheaveraging kernel representetdegrees of freedoat the retrieval
H <= (4.14)

The MAESTRO retrieval simultaneously fits all spectra from one occultation to
determine the state parameters. The measured optical depths are stbeegl vector and
F(x) represents the modeled optical depths. The optical degtsurementoise errors are
used to construct the error covariance matyixlt is assumed that the measurement error is
uncorrelated between the MAESTRO detector pixels. Thus, the error caeamaatrix
contains the optical depth measurement errors on its diagonal and zeros els&where.
retrievals are performed for 55 pixels between 753 and 78fbnthe Q A-band and for 34
pixels between 682 and 699 ror B-band[Nowlan 2006] The background ozone me
retrievedusing the Chappuis band between 530 aimd 680 nm with crossectons from
Bogumi et al.[2003] The retrieved air density is used to remodel the Rayleigh scattering
each iterationThe magnitude of the background aerasdinctionis estimated by retrieving
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the offset and linear terms simultaneously wviite O, number densitiesA wavelength shift
is retrieved for each spectrum in order to optimize the pueelelength assignment avery
iteration.

The compiled profiles from meteorological analysit the ACE Science Operations
Centre[Boone et al. 2005] are used as dirst-guess anda priori profiles. The Global
Environmental Multiscale (GEM) model of the Canadian Meteorological E€QMC) is
used to produce the data from the surface to 10 hPa (about 30 km) on 28 vertical levels.
These analyses then are interpolated to the ACE 30 kntasgbknt location in time and
spaceA data assimilation scheme is used to produce thgs@ori profiles 12 to 18 hours
after the reference time using the data from a malderadiosonde network, and operational
nadir temperature sounder$he US Naval Research Laboratory, Mass Spectrometer
Incoherent Scatter Radar Extended Model (NREISE-00) [Picone et al. 2002] provides
the data from belowhe stratopause tthetop of the atmosphere. For the middle stratosphere,
which is not covered by the models, the temperature is derived by linear interpolation of the
temperature as function of natural logarithm of pues(In p).

The uncertaintiesn the ACEa priori profiles are not quantified above 30 km. As a
result the elements of the a priori covariance matflx which represent uncertainties in
retrieval layers are set to very small values for the levelswile lowest tangent height and
very large values for the levels above. In this vibg, retrieved profile is independent of the
a priori at higher altitudes while below the lowest tangent height it is strongly constrained by

thea priori.
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4.5.2 Forward model
To determine the solar ray refraction and absorption a sphshe#llatmosphere with
a100-m-spaced grid is used by the MAESTRO forward model. Assuming the intensity of the

incoming solar light a%_h— the modeled signas expressed as:

lrdpe 4 1-= PP Py My e (415)
Py
where_ is the wavelength at pixql of the detectoand’Y _ is the responsivity of the
detector. The slit area is described wihand "'O_ _  represents the instrument slit

function at pixelp. Any incoming ray is weighted by the instrument FOV (Field Of View)
before reaching to the detectdn the case of MAESTRO the azimuthal angle could be
ignored as the MAESTRO slit views the entire solar disk in the azimuthal direction. Thus the
instrument FOV weighting about elevation anglean be expressed 83— — .

Using the Beetambert law and ignoring the source terms because of occultation
geometry and smal | ne s, the ioténsity draiativhin&idernt énQlies F OV

instrument can be expressed as:
kyfp E yFP "Ho T WY P (4.16)

where'O _h— is the exoatmospheric spectrum andh—represents the total optical depth of
one ray.Following expression is used to calculate thaltoptical depth

JJLJI
H d
wre | Gt 4441 P (417)
a

This equation represents the sum of the optical deptNsaifsorbers and scatters aldvg

shells., and0 , arethecrosssectionsandnumber densjtof a constituent and

0 —is apath lengthdetermined by the ray path.
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An accurate forward modé&l(x) is required to perform the MAESTRO retrieval and
calculate the @number density profile€, bands are not broad absorbers in spectral space
and have welfined structures. Many of thabsorptionlines saturate during a typical
occultation measurement in the, ®ands which causes a nonlinear problem. As the
MAESTRO instrument has low spectral resolution it is important to modddahd at high
resolution over its entirety in order to account for the saturation. It can be done best using a
Line-by-Line (LBL) calculation.For this study the GENSPECT Matlab toolbox developed at

University of Torontd QuineandDrummond 2002]is used for LBL calculatio

O, spectroscopicparameters

HITRAN (High Resolution TRANsmission molecular absorption database) is the
standard reference for atmospheric molecular line paramdtentains the spectral
parameters including the line strength, and position,aaid selfbroadened halvidth, and
temperature dependence for over one million spectral lines of atmospheric constituents. The
parameters inthe HITRAN database arecalculated usingtheory and laboratory
measurementslhe G spectroscopic parameters formerly used by the MAESTRO forward
modelwere from HITRAN 2004 The B-band parameters contained in HITRAN 2004 were
collectedover forty years ago with limited information on uncertainty estimg@@eshman et
al., 2005] Even theA-bandparametersvere not sufficiently characterized in HITRAN 2004
[Tran et al, 2006;Yang et al. 2005] The G parameters have been upgradedhmrecent
update ofthe HITRAN database2012 [Rothman et al.2013] Recent studies have made
significant progress in characterizing the lfand parametefssordon et al. 2011;Havey et

al.,, 2009;Long et al, 2011;Robichaud et al.2008]and all the results have been used for
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improvementgo HITRAN. Thedetails of thaecentchangescompare to previousversions
of HITRAN, have been discussed Rothman et al[2013] Figure4.6 shows thetransition
calculated for @ only through the atmosphere for the and B-bands at tangent height of
30km using HITRAN 2004 and 2012 databas8ignificant differencein some lines can be
seen for both bandsifthis sample tangent heiglftor this study the HITRAN 2004 has been
replaced by HITRAN 2012 and the influence of this replacememressure and temperature

profilesis discussed.

Fast Line-by-Line and correlated-k technique

The spectral absorption features of each moleculetrigeul transitiors between the
molecule$quantized energy levels. The absorption bands of oxygen molecule in the red and
infrared spectral regions result from a transition between vibrational levels of the ground
electronic state and the second excitedestThe transition between the very clossaced
rotational levels results in the fine internal structure of each vl absorption structures
of oxygen bands are also highly dependent on the temperature and pressure.

The spacingbetween the energlevels define the wavelengths of thebsorption
lines. However, these lines are broadened as a result of different processes such as natural
broadening pper and lower state finite lifetimepressure broadening (caused by collisions
between moleculesand Doppler broadening (resulting from tistribution ofvelocities of

themolecules)Liou, 2002]
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Figure 4.6: The transition calculated for O,-only through the atmosphere for the A and B-
bands, at tangent height of 30 km using HITRAN 2012 (red) and HITRAN 2004 (blue)

databases.
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During a LBL calculation the highesolution crossections are computed for
particular pressure and temperatuseusing spectral parameters provided thg HITRAN
databaseA LBL calculation can be very timsonsuming if a pure LBL model is used at
every iteration of the retrievasince a new set of @sssections must be computed for the
current guess of pressure and temperature, which then must be convolved withnthe 2
instrument line shap&ven if the convolution is performed in Fourier space, recalculation for
60 spectra for each column of thetmaK can be significant.

In order to improve the speed of computatitire MAESTRO retrieval uses a fast
line-by-line method described byurner[1995] In this method a tablef crosssections for a
range of pressure and tempara on a praefined wavenumber gric computed using a
LBL model.In the case othe MAESTRO retrieval,the GENSPECT Matlalhoolbox [Quine
and Drummond 2002] developed at the University of Toronwused to calculate the high
resolution crossectionsThe logarithmof the crosssections € "Q ) are stored ithe table
as a function ofog(p/p) and T/T, for each wavenumber. Agveryiteration ofthe retrieval,
the newa € ;) Q is calculated from a twdimensional interpolation. Ten equally spaced
temperatures between 180 and 32ar€ 20 pressures between 0.001 and 1060 hPa are used
to construct the MAESTRO FLBL tabl&or the research presented hergo tableswere
computed using HITRAN 2004 and 2012 $pectroscopic parametefihe wavenumbers are
set with0.005 cn resolution h order to resolvé\- and B-bandlines The typical Doppler
HWHM (half widths at hakmaximum) for the @ band lines is 0.011 cfat 180 K and
0.015 cnt for 320 K. Details on optimizing the resolution for the wavenumbers and the

number of pressures arehtperatures for the tables can be foundamvlan[2006]
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The othea techniquethat is used by the MAESTO retrieval is the correlaked
approximation methodThe absorption coefficienk, is used in original methofGoody et
al., 1989;LacisandOinas 1991] But, for MAESTRO the absorption cresection, (units
of cn? /molecule) is used instead of the absorption coefficietibwing the convention of
UV-Vis remote soundingThis method involves the groupirmy the strength of absorption
crosssectionswithh a wavel ength i nt,edivstlr iwbhu tgtannroe soufl 1
crosssections. Using this method the transmission over a spectral interval can be expressed

as:

yD:{:o

] _— "Ho 'l Q¢ B "Ho'1al ¢ ® 4.18
1y Tore 1o,  Hotae ™ o1af o™ (4.19

Where"Qrepresents the cumulative distribution function, @nd_ 0 & ‘Q ds a slant column
density integrated along a path of number dendltyTo calalate "Q the , values
corresponthg to equallyspaced_s aresorted in increasing order and assigned t®grid
between 0 and IThe function, "Q is relatively smoothand can be integrated using far
fewer points, M, than is required for linby-line computation over highesolution

wavelength space:
J||l <> "H(’) ’I G If;;ff'ff; <> I ::.;ff;: (419)

This method increases the speed of computation by reducing the number of negliatbee
transfer calculationgzigure4.7 shows the @B-band crossections for the-am wavelength
interval between 690 and 692 nm altitudes of 0, 30, and 50 km using typical pressures and
temperatures at these altitudes. @igtized cumulative distribution functiofQQ corresponds

to these crossections iflsoshown inFigure4.7.
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The transmission througiN, inhomogeneous atmospheric shells can be calculated

using this method as:

(4.20)

This is true under one assumptidimat the crossections strength is correlated in wavelength

space
-50 -50
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30 km
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Figure 4.7: (a) O, B-band crosssections between 690 and 692 nm for p = 1023 hPa, T = 288 K
(O km), p=12hPa, T =226 K (30 km), and p = 0.8 hPa, T = 271 K (50 km). (b) The digitizgd

values over M = 20 points of their cumulative distribution functions (From Nowlan et al.,

[2007).

This means thahe monotonic ordering by strength of absorption esesdionsremains the

sameat differentaltitudes in the atmosphei®oody et al[1989]andLacisandOinas[1991]

have examined the validity of this assumption for weak and strong lines. A complete

description of implementatn of this method in the MAESTRO retrieval can lberfd in

Nowlan[2006] andNowlan et al[2007].
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4.6. Improvements to theetrieval performance

The MAESTRO pT retrievak using the measurements of & and B-bandswere
originally developed byCaroline Nowlan in Matlab and the details on the retrieval
performance and error estimates can be fourldowlan[2006]. The same code is used for
this study to investigate the influence thie change tdHITRAN 2012 Q spectroscopic
parameters on the MAESTRQTpprofiles.In this section, sample MASTRO pT profiles
retrieved using HITRAN 2004 and 2012 are compared with profiles from the-FAGE

instrument.

4.6.1 MAESTRO data
The spectra used for this analysis are from Version 41.0 of the software SCALE,
developed by C.T. Mglroy at the Meteorological Service of Canada for correcting raw data
from the MAESTRO spectrometer8s the MAESTROO, p-T retrieval was developed in
Matlab and it takes about 20 minutes to retrieve one prdilsubset of occultations is
analyzed for tts research due to time limitations. The surface latitude and longitude point of
a 30 km tangent height measurement are used to reference the ACE occullatitsnd.3

describes the occultations presented hefatitudinal and seasongtoups.

Table 4.3: Description of the Occultations used in this study

Region Season Start Date End Date Latitude Range No. Occs.

Arctic  winter Jan05 Mar-05 65°to 9C° N 42
Arctic  summer Jul0o4 Jul0o4 65°to 9C° N 12
Tropics all Jan04 Dec04 10°Sto 10N 18
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The mainfocus of the ACE mission is the northern latitudes so the Arctic latitwees
chosen forthe conparisons. Asubset of data fotropical occultations between A& and

10° N wasalso analyzed tdlustratethe contrast.

4.6.2 ACE-FTS data

Due to the problems with pointing information provided thg SCISAT satellite
sensorsthe current FTS COp-T retrievals are usetb determine the satellite pointirag a
function oftime. As the ACEFTS and MAESTRO share a common input beam the pointing
information retrieved from FTS-P retrievals are also used for MAESTRO apparent solar
zenith angle determination for each spettriror the retrievals presented in this study the
tangent heights derived with Version 3.5 of the FTS processing software are used.

The details of the FTS-P retrievals and tangent altitude determination can be found
in [Boone et al. 2005, 2013]In summary, to determine the temperature profile the FTS
retrieval uses the higresolution (approximately 0.02 ¢ CO, absorption ihes in small
microwindows of the spectra. The absolute strength of the lines within an absorption band
provides significant information about the amountG®, in the path, while the relative
strengths of the rotational lines within the band provide mb#ie temperature information.
As the FTS is a higpectrairesolution spectrometeits measurements can be used to
extract the absolute and relative strengths of the absorption lines.

The FTS v3.5 temperature profiles have not been extensively ealigiat, although
the FTSv2.2 temperatures have been thoroughly validate&ibg et al.[2008] The FTS
v2.2 andv3.0 temperature profiles also have been compared with several remote sounding
instrument profiles (e.g. MIPASIIRDLS, SABER, MLS, HALOE, OSIRIS and SOFIE)

[Garcia=Comas et aJ.2014;Gille et al, 2008;Mamun et al. 2013;Marshall et al, 2011;
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Schwatz et al, 2008;Sheese et al2012;Stevens et gl2012;Stiller et al, 2012] Generally,
the ACE-FTS temperatures agree with other instruments withihkk However, the version
2.2 shows a warm bias of3K in the mesosphenghichreduces to only K in version 3.0.

The pointing information provided by the SCISAT satellite is not reliable. Thus,
different approaches are used for different altitude ranges by the FTS software to refrieve p
profiles and determine the tangent heights. For altitudeseka 5 and 15 km (12 km in
version 2.2) the {1 is not retrieved and the tangent heights are entirely determinedafrom
apriori p-T profile using the hydrostatic equation. Between 15 km and 43 km the tangent
heights are calculated from the retrieved gemature and pressure. The retrieval results are
then shifted in altitude until the best possible agreement between the retrieved pressure and
apriori pressure is achieved in the altitude range of 15 to 25 km. Above 43 km, the
information available fromisiple geometry using knowledge of the satellite and sun position
are used to determine the tangent heights; the temperature is retrieved and the pressure is
forced to obey hydrostatic equilibrium. Above 70 km where the @&ing ratio cannot
assume to beonstant the temperature and Qfixing ratio arebothretrieved.

Although the FTS and MAESTRO both make measurements on unepadgd
tangent heights, the quut profiles are on km altitude gridsThe FTS vertical resolution is
about 3 km and the MAETRO vertical resolution is approximately 1.2 kithe FTS
software first retrieves the-Pp values for each tangent height thersing interpolation
generates the values orkih resolution. The MAESTROretrieval output profile is on-km
grids so the I values between MAESTRO tangent heights are calculated during the
retrieval process whicbhauseshem to bestrongly affectedby the smoothing constraiait

higher altitudes
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4.6.3 Discussion

Figure 4.8 to Figure 4.10 show comparisons between MAESTROT pretrievals
derived from Q bands and the profiles determined from AEES measurements of GO
[Boone et al.2005]for threesingle occultatiors duringhigh-latitude winter and summer and
in thetropics. Retrievals derived using HITRAN 2004 and 2012 database are compared with

ACE-FTSprofiles. The temperature differences alerived using

I mmal =g 44 A4y (4.21)

while the pressure percent differences are calculated as:

S e S EEN: L E I
o et H g

(4.22)

Temperature and natural logarithm of the pressure profiles are also plotted for MAESTRO
and ACEFTS.

The biases neathe altitude range of 25 to 35 km relative to the FTS indicate a
consistent feature dhe MAESTRO retrievals. These are produced as a resulb 6br@ard
model underestimation of signal near 30 km and a larger overestimation of the signal near 20
to 25km. As the densy profile adjusts itself accordingly, the retrievals near these altitudes
usually become poor. The source of this error has not been entirely discovered yet but clearly
the HITRAN 2012 database reduces the biases in this range indicating that unceitaintie
the Q spectroscopic parameters are part of the problem. The spectroscopic parameters
contained in HITRAN 2004 fothe B-band werenot wellquantified and no information
about uncertainties of the parameters was provided. Eveé&lihad parameters tdanot been

characterized sufficiently in that versiphran et al, 2006;Yang et al.2005] Recent studies
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have had significant improvements in determining Ah@nd B-bands parametetbat have
been included in HITRAN 2012 versigGordon et al. 2011;Rothman et al.2013]

The other possibility for g81 MAESTRO retrieval irregularities near &b20km is the
satellite pointing knowledge. As it was mentioned before the pointing information derived by
the FTS is used for MAESTRO Pretrievals as well. Thus, usually a poor FF3$ petrieval
translates ito an unreliable MAESTRO retrieval. The FTS pointing retrieval con&s point
Is 15 km where the-fp profiles below that point is fixed to tree priori and theretrieved
tangent heights are shifted (15 to 20 km) to match those retrieved usiagpti@i p-T
profiles Apparently,theirregulariies may cause poor MAESTRO resuéis the MAESTRO
retrieval forces the pressure and density profiles to be hydrostatocalystent with the
temperature versus the FTS altitude profiles.

Figure 4.11 to Figure 4.13 show comparisos between the MAESTRGCand the
ACE-FTS measurement®or three subset profileBom high latitude summer and wintas
well as tropic A comparison usinghe combination of all profiless also shown in
Figure 4.14. The mean differences and reaoeansquare (RMS)differencesbetween the
MAESTRO and ACEFTS profiles are represented by the dashed and solid lines respectively
in all figures.The mean and RMS diffences are only presented above the tangent height at
which at least there are three profile measurem&wdserally, the mean differences shown
by dashed lines represent the biases in the results. The RMS differences indicate the general
accuracy of theatrieval. Overall, the differences between measured BSYRO and FTS
pressures are usually withiri 2% and for temperature less than 5 Kole50 km. At higher
altitudes where the £signals are weak tiHAESTRO measurements are dominated by the

smoothingterm in the retrieval. MAESTRO pressures and temperatures agree with FTS in
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terms of RMS differences to within 2 to 10% and 5 to 10 K below 50When improved
parameters contained in HITRAN 2012 are used as input for forward model the biases in
pressureand temperatures are reduced up to 2% and 2 K respeciitedyis promising since

the G bands spectroscopic parameters are still being improved as these bands are being
increasingly considered for future satellite missidnsterms of the RMS differares, 1%
improvement in pressure addK in temperature differences are expected below 50 km from
theusing ofnew spectrscopic parameters (HITRAN 2012)

The Nowlan [20049 analysis showed that usirtge A-band at low tangent heights
consistently resultsni poor retrievals likely due tthe impact of uncertainties in stray light
correction and slit function shape in ti#eband which is saturated at lower altitudes.
Therefore theA-band is not used for retrievals below 30 km while above this altitude a
combnedA-B band retrieval is used to derivelpprofiles.

The theoretical error analyst®nducted byNowlan[2006] showed approximately 1
to 1.5% error for pressure and 2 to 3 K in temperature over most altitudes from known
sources including measurement s&i pointing, slit function width, forward model, and
spectroscopy. However, in practice, the total error estimates are 2% for pressure and 2 to 5 K
for temperature most likely due to additional significant uncertainties contributed from the
slit function shape and stray lighHtNowlan et al. 2007] The retrievals provide tangent
altitudes for the etrieval of trace gas profiles with an estimated accuracy of better than

200m.
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sr7868, 2005-01-27, (Lat. 65.42, Long. 172.17)
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Figure 4.8: Pressure and temperature profiles from ACEFTS (Black), and MAESTRO (blue:
HITRAN 2004 / red: HITRAN 2012) for Occultation sr7868 (Arctic Winter). The difference in
temperature and thepercentagedifference in pressure betweerMAESTRO and ACE-FTS also
are depicted.
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sr8214, 2005-02-20, (Lat. 2.65, Long. -49.67)
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Figure 4.9: Same ad-igure 4.8 for Occultation sr8214 (Tropics).
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ss4853, 2004-07-07, (Lat. 66.56, Long. -105.782)
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Figure 4.10: Same ad-igure 4.8 for Occultation ss4853 (Arctic Summer).
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Figure 4.11: Arctic Summer Occultations; Mean temperature profiles from MAESTRO (blue:
HITRAN 2004/ red: HITRAN 2012), and ACE-FTS (black); Mean (dashed) and RMS (Solid)
differences between MAESTRO (blue: HITRAN 2004/ red: HITRAN 2012) andACE-FTS.
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Figure 4.12: Arctic Winter Occultations; Same asFigure 4.11.
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Figure 4.14: All profiles: Same asFigure 4.11.
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4.7. Summary andconclusions

In this chapter theMAESTRO preliminary pressuf€emperature retrievals are
reprocessed usintpe improved spectszopic parameters froldITRAN 2012 database and
compared with the ACETS profiles and the processed results with HITRAN 200+
retrieval algorithmand he forward model employetbr the MAESTRO retrieval of p-T
profiles are presentednd discussedThe retrievals are based on the measurements,of O
absorption in thé\- andB-bands. A global fit and a fast and accurate radiative transfer model
are used to calculate the @umber density in the atmosphere. Then the hydrostatic balance
and the ideal gasav are employed to derive temperature and pressure from the density
profile. The MAESTRO input data are discussed as well as the derived pointing information
fromtheFTS pT retrievals.

Three subsets of the occultations fréime Arctic winter and summersawell asthe
tropics were selected for comparison with coincident AEES profiles. Sample retrieved
profiles were shown to discuss the impact of HITRAN 2012 parameteifsedAESTRO
p-T retrievak as compared with AGETS andprofiles retrieved using HTRAN 2004. A
combinedA- and B- band retrieval is used to derive tNeAESTRO pT profiles above 30
km. A-band is not used for the retrieval below 30 km due to unknown sources of errors which
make the retrievals pomompared to ACETS. Uncertainties intte instrument line shape,
pointing knowledge andemaining O, spectroscopic issues could be among th&ime
MAESTRO pT profiles agree with the FTS profiles reasonably welle RMS differences
between measured MEASTRO and Fp8ssures are usually withigi 10% and for
temperaturewithin 5-10 K. However, large biases at certain altitudes strongly influence the

RMS differences. The Oretrievals suffer from a forward model underestimation of the
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signal near 30 km and a larger overestimation of the sigosé ¢b 2625 km. As the density
profile adjusts itself accordingly, the MAESTRO retrievals are usually poor ne2® Rén.

This error maybe causeé by FTS pointing information, MAESTRO characterization op O
spectroscopic parameters. Using HITRAN 2012 Ugueeduces these irregularities and
improvesthe biases in pressures and temperatures up to 2% and 2 K respéautiivalyng

the role of the @parametersThis is promising as the and spectroscopic parameters are
still being improved as these bandee being increasingly considered for future satellite
missions.In terms of the RMS differences, the new spectroscopic parameters (HITRAN
2012) usually improve the differences by 1% and 1 K for pressures and tempdrataves

50 km

Currently, the poiting information derived from the FTSpretrievals are used by
the MAESTROretrievals Ideally, the MAESTRO retrievals must be completely independent
of thoseof FTS. The pT profiles retrieved from @bands could be used to deripeinting
informationfor MAESTRO which thercould be employed to improve the MAESTR@ce
gasprofiles.

Future work couldnclude the usef the reprocessed pressure profiles to recalculate
the MAESTRO tangent heights which might improve the MAESTRO ozamé other
constituat profiles. Rewriting the software in C language would improve the speed of
retrieval which helps to produce new product for more thdnydars of MAESTRO

measurements.
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TroposphefCbooc®mnbnati o

In this dudy, a Differential Back Trajectory (DBT) method was developed,
employing HYSPLIT backrajectories and MODIS fire data to calculate the average
difference between ozone concentrations associated wittaffeeted and firainaffected
parcels at 18 ozonsounding sites located across Northern America. The DBT method was
applied to more thad000 ozonesonde profiles collected from these sites during campaigns
and regular measurements from June to August 2006, 2008, 2010 and 2011. Layers of high
ozone assoated with low humidity were first removed from ozonesonde profiles to
minimize the effects of stratospheric intrusions in the calculations. The analyses show that
none of the stations located at Arctic or far northern latitude® significantly affectecby
fires. The ozone enhancement for stations n
Lake was up to 2+0.8% of the TTOC (Total Tropospheric Ozone Column). Fire ozone

accounted for up to 81.3% of TTOC at downwind sites such as Yarmouth, Sédéand,
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Narragansett, and Walsingham. The results are consistent with other studies that have
reported an increase ins@roduction with the age of the smoke plume.
A manuscript on this study is-imr ogr ess t o be s Atmosphericed t o

Chemstry and Physias

5.1 Introduction

Tropospheric Ozone @is an important regulated air pollutant. Exposure to elevated
concentrations of ©has been linked to respiratory illness such as iedthings, aggravate
bronchitis, and asthmidippmann 1991;McConnell et al. 2002] Ozonein the troposphere
is formed by the interaction of nitrogen oxides (NOx = NO +,N@nd nommethane
hydrocarbons (NMHCSs) in the presenaf sunlight. Wildfires generate large amounts of O
precursordNOx and NMHCs)and a number of studies suggest that fires can contribute to
exceedanceof the Q air quality threshold concentrations via production and -lamge
transport of @ and itsphotochemical precursofdaffe et al, 2004; Palmer et al. 2013;
Parrington et al, 2013] In addition, he frequency and intensity of forest fires is likely to
increase over Canada aftfte US as a result of climate chandgillett et al. [2004] and
Westerling eal. [2006] have shown thain increasef the area burned for Canadian and US
forests is related to an increase in temperature and reduction of marstilve area of
interest. They both concluded that climate change is the key factor in explainirggshan
fire frequency and intensity over recent decadémious global warming scenarios have
been examined to evaluate the possibilityapfincreasingin fire occurrencein the future.

Wotton et al[2010] estimate an increase of 30% in boreal forest fire occurrence by 2030 and
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Spracklen et al[l2009] estimate an incese intheannual mean area burned of 54%, 78% and
175% by 2050 for the entire western USA, the Pacific Northwestthren@ocky Mountain
regions, respectively.

Ozone production from tropical biomass burning has been well estabj&hdcbae
et al, 1994; Andreae and Merlet, 2001; Backer and Muer, 1991; Jacob et al. 1996;
Thompson et al. 1996; Thompsonarnd Witte, 2001; Weller et al, 1996] Both fuel
consumption and the intensity of boreal fires are typically an order of magnitude larger than
for savanna fire§Stocks et al.1998] Higher intensity means higher transport of emissions
into the troposphere and even into the stratospfiax@mm and Servranckx 2003] which
maytendto increasdransporidistancesData collected bgircraft, grounebased instruments
and satellitesduring dozens of field investigatiortat havetaken place inhe last two
decades over the Arctic and s@lctic have been used in various approaches to study the
ozone production from boreal fires. A review of past observations finds that 2/3 of all
chemical studies of fire plumes have reported ozone enhancgragaandWigder, 2012]

Different approahes and datasets used to address the ozone source issue appear to
give conflicting results. For instance, the data collected by the8 Ddircraft from
summertime (ARCTASB) flights in central and easterArctic Canada (designated
as> 50N latitude) wereused byOlson et al[2012]to constrain a photochemical box model.
They found 12 ppbv/day net ozone photochemical formation inltbendarylayer (BL) and
upper troposphere (UT), with significant uncertainty due to uncertainties in measured NO and
HOx. Alvarado et al.[2010] also used aircraft data obtained during the ARCTAS
campaign to determine the enhancement ratieattive nitrogen (NOy) species from fresh

plumesto examine the impact of these emissions on tropospheric ozone in the Arctic. The
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GEOSChem model showed vemodestozone formation, mainly due to rapid conversion of
NOx, produced from fresh Arctic biomass burning, to PAN and inorganic nitrates. In
contrast, biomass burning from central Canada was found as a modest but significant sourc
of ozone byParrington et al[2012] They also use&#LAMBE emissions for 2010 in GEQS
Chem but he difference, asuggested byrarrington et al.[2013] seems to be that while
fresh plumes (< 2 days old) show little increase in ozone, in aged (> 4 days) plumes PAN
decomposition will release its constituent N&hd peroxy radicals which caneinphotolyze
or react with NO to produce ozon&his is consistent with the review of observations of
ozoneproduction in boreal biomass bungioutflow byJaffeandWigder[2012] Busilacchio
et al. [2016] used the aircraft data collected during the BORTEB$2011) campaign to
analye ozone and totgberoxy nitrate( Z P Ns , B) Prodndti@n in fire affected and
background air mass Using different approaches, (1) direct calculation anda(®2}D
phot ochemical model , the ozone and EPN form
were compared with that in backgra air. They found that, on averag,P N pr oduct i or
more strongly enhanced thans @roduction: 512 times versus-Z times. They observed
enhancement of the ¢ onc e nwhichacaniaot s aasaudce and o d u ¢
enhance ozone productionwdawind of the plume.

In this study ozonesonde profiles collected in June, July and August of 2006, 2008,
2010 and 2011 from 18 sites across Northern Amenese used to determine ozone
enhancement empirically. Thevel method developed here is objeetand can be applied
to all ozonesonde data collected from regular and campaign sites as long as the fire data are
available. This method is applicable to evaluatimgcontribution of biomass burning tbe

ozone budget asiises a network of observisges at fixed locations.
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5.2 Data andmethods

5.2.1 Ozonesondealata

Balloon-borne ozonesonde is a lightweighstrument that isannectecand launched
with a conventionalmeteorological rdiosonde. As the package flown by a large weather
balloon ascends trough tlémosphere, thezone concentration and standard meteorological
parameters such as temperature, pressure, and humidity are telemetered to a ground receiver
through the radiosonde transmitt®he balloonascent rate isbout4-5 m s' to the typical
burstaltitude of 3035 k. This gives the sonde a vertical resolution of abowt1B5I0m for a
typical ozone sensor response timé) (@f about 2630 s[SmitandKley, 1998] Ozonesondes
utilize electrochemical detection methods through the reaction of potassium iodide by ozone

in an aqueousodution:

LLE gk gtk 1)

followed by
L m E (5.2)

Therefore, two electrons are produced for eacteoute of ozongKomhyr, 1969] The
Electrochemical Concentration Cell (ECC) sondggyre5.1) developed byKomhyr [1969]

are the most widely used ozonesond&3C ozonsondes have a precision -&%8 ard a total
(random and systematic) uncertainty of 10% below about 2fleshler et al., 2008; Kerr et
al., 1994; Smit et al., 200.7/The ozonesondes provide a long record of information about
ground ozone and ozone profilan the troposphere ampart of the stratosphere at a particular

location. Height limitations of the balloons and lack of reliability of the ozonesondes at low
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pressure and temperature are among the limitations of ozonesonde measyemeéetsal,

2007;Tarasick et al.2016]

Pump (Teflon) »

Air Intake

ECC-0Ozone
Sensor

et _.','{_}Zg:ace I j |
L)
N Power Supply

Sensor Current

Figure 5.1: Schematic of an electrochemical concentration cell (ECC) ozonesonde (from
http://www.fz -juelich.de/iek/iek-8/EN/Expertise/Infrastructure/WCCOS/WCCOS_node.html)

Figure5.2 shows the locations of ozonesonde launch sites across Canada and the US
that participated in the IONS and BORTAS campaigPamer et al, 2013;Parrington et
al., 2012;Tarasick et al. 2010; Thompson et al.2007] Table5.1 and Table 5.2 describes
these stations, including their geolocation (latitude, longitude and elevation) and the total

numler of profiles available for this study.
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Table 5.1: Information on the sites contribuing data during the IONS-06, ARCTAS and
BORTAS campaigns.

Site Name ID Lat Lon Alt
Alert 18 82 -62 47
Eureka 315 7999 -85.94 10
Resolute 24 74.71  -94.97 46
Summit 491 7257 -38.48 3238
Whitehorse 998 60.7 -135.07 704
Yellowknife 999 62.5 -114.48 210
Churchill 77 58.74  -94.07 30
Trinidad 445 40.8 -124.16 20
Kelowna 457 49.92 -1194 456
Stonyplain 21 53.55 -11411 766
Bratt's Lake 338 50.2 -104.7 1550
Walsingham 482 42.64  -80.57 182
Egbert 456 4423  -79.78 251
CSA-Montreal 496 4551  -73.39 35
Narragansett 487 41.4 -71.5 23
Yarmouth 458 43.87 -66.1 9
Goose Bay 76 53.32 -60.3 44
Sable Island 480 4495 -59.@ 4

Pressure and temperature data measurethdygoupled radiosonde were used to
calculate the altitude using the hydrostatic relatibhe determination of the tropopause
height is done using thé/orld Meteorological Organizatiofi957] criterion which is the
lowest height, at which the temperature lapse rate falls’@/km or less, provided that the
average lapseate for 2 km above this height is also not more tAa2€ /km. The ozone
sensor response time*jeis about 25 secondwhich givena typical balloon ascent rate of 4

ms™ in the tropospherempliesa vertical resolution of about 100 meters.
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All ozonesonde profiles have been processed to-rmOéltitude resolutiorup to the
tropopause heightrdl5 km whicheveroccursfirst. Ozone partial pressures are integrated
and averaged for 100 m thick layers freea level up to top of the profil®ividing by the

average pressure in each layer, the average ozone mixing ratio is obtained.

Table 5.2: Number of profiles, by month and year, measured at different sites

2006 2008 2010 2011
Site Name Jun Jul Aug Jun Jul Aug Jun Jul Aug Jun Jul Aug Total
Alert 4 3 5 4 4 5 4 2 2 3 3 4 43
Eureka 3 4 5 4 4 5 5 3 3 5 4 5 50
Resolute 3 1 0 3 5 3 4 2 3 2 2 1 29
Summit 5 4 2 15 26 4 3 2 4 5 4 5 79
Whitehorse 0O O 0 7 11 O 0 0 0 0 0 0 18
Yellowknife 0O O 0 4 11 O 0 0 0 0 0 0 15
Churchill 4 4 4 8 8 1 2 4 3 5 1 1 45
Trinidad 5 4 30 10 15 4 18 3 4 4 4 4 105
Kelowna 5 2 2r 8 13 4 18 2 3 2 3 5 92
Stonyplain 4 1 4 8 14 3 5 4 3 5 4 5 60
Bratt's Lake 4 2 29 6 11 4 4 17 4 4 21 5 111
Walsingham O 0 22 O 0 0 0O 12 O 0 0 0 34
Egbert 3 4 15 1 12 3 4 20 5 5 17 4 93
CSA-Montreal 0 O 0 0 0 0 0O 14 O 0 0 0 14
Narragansett 4 4 24 4 3 5 2 2 2 0 0 0 50
Yarmouth 3 3 11 8 14 1 5 20 8 5 20 7 105
Goose Bay 3 2 5 4 11 O 4 18 8 4 22 7 88
Sable Island O 0 28 4 11 O 0O 16 O 0O 19 1 79
Total 50 38 211 98 173 42 78 141 52 49 124 54 1110
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Figure 5.2: Location of stations assigned for IONS and BORTAS campaigns and used for this

work.

5.2.2 Fire data

MODIS (MODerate Image Spectroradiometer) fire datgrovided by
NOAA/NESDIS) are used to determine the location of the fire hotspgeéitaire 5.3 and
Figure5.4 show the location and intensity fife hotspos between June and August of 2006,
2008, 2010, and 2011. The total area burned was above théetom@verage (2.1 million
Hectares) for 2006, 2010, and 20Hg(re 5.5). Among these years, 2006 had the largest
number of fires with more than 9800 firgsgure5.5), while for the others it was below the

long-term average of 8000 fire$tje Canadian Interagey Forest Fire Centre (CIFFLC)
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Figure 5.3: MODIS Fire Hot Spots during Jun.-Aug. 2006, 2008
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Fire Count, 2010, June-August
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Figure 5.4: MODIS Fire Hot Spots during Jun.-Aug. 2010, 2011.
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Figure 5.5: Area burned and number of fires in Canada between 1990 and 2016; Retrieved from

Canada National Forestry Database (http://www.ciffc.ca)

5.2.3 Trajectory calculations

The HYSPLIT (Hybrid Sihgle-Particle lagrangian Integrated Trajectory) model

[Draxler andHess 1998]developed by the NOAA Air 8&ources Laboratory (NOAA ARL),

was used to calculateackward trajectories for each ozonesonde profil@é0&m height

intervals fromsea level. An aiparcel is assumed to be releasethaterter of each100 m

altitude (50 m, 150m, etc.) from the ozonesonde station (the releasing time, latitude, and

longitude are taken from the ozonesonde laundimimum requirements for the HYSPLIT

model to be runra the horizontal wind components (U, V), temperature (T), height (Z) or

pressure (P) and the surface pressuge (P Met eor ol ogi cal

mo d el

data for the HYSPLIT model to calculate the trajectori€ae global NOAANCEP/NCAR

s O

(Natioral Centers for Environmental Prediction/National Center for Atmospheric Research)
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reanalysis data provide required parameferddYSPLIT for 1948 through the present year
Data are updated annually for each additional year. The othesetidtat can prome the
globalmeteorological parameters for trajectories are ECM®B(Fopean Centre for Medium
Range Weather Forecastigta.The ECMWF datasetwerenot available free of charder

the years needed for this studiso the data had to be reprocessed the HYSPLIT
compatible format Thus, he global NOAANCEP/NCAR reanalysis datet (NCEP
Reanalysis data provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from

their Web site athttp://www.esrl.noaa.gdgsd) was used as itvas the onlypublicly

availabledataset for the summer of 2006, 2008, 2010, and Z0igse data provide-#imes

daily meteorological parameters at 17 pressure levels from 1000 to 10 hPa with 2.5x2.5
horizontal resolutionThis reldively coarse vertical resolution (correspondin@tom in the

upper troposphere) implies thahe trajectories are not entirely independent, a point that
needs to be kept in mind when estimating statistical significéigedays (144 hours) of
backwardtrajectoriesverecomputedor the air parcel movement.

Several studies have attempted to estimate the accuracy of trajectories using different
methods.Stohl[1998] reviewed a number of studies afwdind typical errors of 20% of the
trajectory distance, or about 2200 km dg™. More recentlyHarris et al. [2005] reported
uncertainties of 3@0% of the horizontal trajectory distance, or A@WO0 km after 4 days
while Engstromand Magnussor{2009] using an ensemble analysis method, estimated the
uncertainty of trajectories to be within 3800 km after 3 days and about 600 km after 4
days. Tlese are consistent with tBéohl[1998]estimate.

Figure 5.6 displays thenumber of parcels for each individual sftg 2006, 2008,

2010 and 2011 calculated frotine reprocessed ozonesonde profiles fritma surface up to
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http://www.esrl.noaa.gov/psd/

the tropopause or 15 km tght Only the regular ozonesonde stations have data for all four
years. Some of the sites have contribubety in campaigs, and so do not have dataor
other yearsThere are a number of regular stations that hesee participated incampaign
measuremdn. These siteprovide the most data andeld the most reliable and robust

results.
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Figure 5.6: Number of parcels for each site during the year 2006, 2008, 2010, and 2011

calculated from reprocessed ozonesonde profiles from surface up to tropopause or 15 km.
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5.2.4 Examplesof elevated ozonelayers

Figure 5.7 and Figure 5.8 illustrate elevated ozone layers detected in ozone profiles
collected at a site near large fire acyviBtonyPlain) and at a downwind site (Yarmouth).

The MODIS fire hotspots for six days peding the ozonesonde measurements show large
fires in central Canada.

Six-day backtrajectories suggest that the layers of high ozone have crossed areas with
of large fire activity before arriving at the sounding site locations. The humidity profiles are
also depicted for these two examples. The layers with high ozone that trace back to the fires
sometimes are associated with low humidity indicating the possibility of a stratospheric
influence.Transport from the stratosphere is also a source of high ozdhe troposphere
In the next section a method is developed to remove the suspected stratospheric layers from

the profiles.

5.2.5 Stratospheric ozoneintrusion
The observations made Bobson[1973] and dhers (e.g{Holton, 1987;Reid and
Vaughan 1991) from large datasets of soundings indicate that the ozone profile is relatively
constant within the troposphere or stratosphere. Similar observatgrasade byNewell et
al. [1999] from aircraft Q profiles. Stratospheric ozow&h air intrusion or stratosphere
troposphere transport (STT) is one of the most common phenomenageittatb the
troposphec ozone profile.Observations show that tropospheric dryeli@ associated with

high ozone are often STT evefkaverandMuer, 1996;Thouret et al.2000]
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Stonyplain, STN 021, 2010/07/14, Back Trarj, 5-6 km
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Figure 5.7: (bottom) Ozone and humidity profiles collectedin Stony Plain. (top) back-
trajectories indicate that the ozone anomalies could be produced by fires. It should be noted

that the layers with high ozone are associated wittow humidity.
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Yarmouth, STN 458, 2011/07/18, Back Trarj, 6-7 km
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Figure 5.8: Same agrigure 5.7 for Yarmouth.
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Colette et al[2005] considered 21 principal factors ientify the free tropospheric
segment of European summer ozone profiles affected by STT. They reduced the factors to 6
and no difference was detected. Eventually, the RH (Relative Hum@ityglationship
turned out to be the most robust indicator of STT impact

As noted preliminary studiesevealedhatsome elevated ozone layers that trace back
to fires are associated with low humidity which is an indication of STT. Hence, to avoid the
impact of STT ozone amounts on the calculatiprssented here, suspectsiatospheric
intrusions (STT) were removed from the ozone profiles. The identification of STT was based
on the humidity (RHO; relationship. The suspected layers were determined through the
following steps (all steps were applied to the entire ozorfdgs)o

1. To locate the ozone peak lamgna mean profile was obtained by box car
smoothing the high resolution profile to remove variatiohs/ertical half
width less than2.5 km. Then, the difference between the high resolution
profile and the mean prdd, divided by the mean profile was calculated and
defined as the normalized perturbation profile.

2. The same method was used to filter out the variatwdngertical halfwidth
less tharb kmfrom RH profile to find the relative humidity negative peaks.

3. The lamina with average amplitudes greater than 10% of the mean ozone
mixing ratio were considered significant and removed from the profile if
associated witmegativeRH lamina with average amplitudegreaterthan
20% of the mean relative humidity.

Figure5.9 shows an ozone profile with a large anomaggween5 and6 km. Back

trajectories suggest that this layany have beeaffected bya stratospheric intrusion. The
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tropopause height (shown the middle panel was derived fsim tropopause height data
provided by the NOAA Physical Sciences Divisi@mtp://www.esrl.noaa.gov/psdjom the
sameNCEP/NCARreanalysis database used as input to the HYSPLIT mddelWMO
(1992) thermal lapse ratgiterionwasused by NOAA to computthe tropopause heights. In
addition, tropopause heights at pressure levels smaller than 8nbRager than 450 hPa
are not allowed by the NOAA calculationBhe bottom panel illustrates how the algorithm
removes the suspected layer from the profile.

The percentage occurrence of stratospheric intrusions for each site during the selected

years based on the method presented here is shdviguire5.10.

5.2.6 Differential Back Trajectory (DBT) method

The DBT method uses battajedories calculated at 100 m intervals from the surface
to the tropopause, for eacdounding, up to 144 hours lond. par c el i s -defi ne
af f ect ed otrajectory tomresporndiag ték a parcel passes through a 1x1 degree grid
box containing one omore MODIS fire counts. The remaining parcels are classified as
backgr oununadrf eftftiede® . For this study, onl vy
North America and Mexi@adfwetedaconPadeekd al

outside thizone (e.g. Asia, South America, etc.) were removed from the analysis.
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Sable Island, STN 480, 2010/07/26, Back Traj, 5-6 km
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Figure 5.9: (top) Back-trajectories for the layers between fand 6 km indicate the possibility of
stratospheric intrusions. (middle) Tropopause height retrieved from NCEP/NCAR reanalysis
data. (bottom) Ozone and humidity profiles of July 26, 2011 at Sable Island. Ozone peaks are

shown in red.
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Figure 5.10: Number of suspected stratosperic layers expressed in percentage.
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At each 100 m level, for each sonde site, the average difference in ozone concentration
associ at eadf fweictthe dfiof ipraer cel-snahf eactbddgygepar aalds
years (2006, 2008, 2010, and 201is calculated. Teoalculatethe average fire contribution to
ozone,t he computed average is multip-bhféedctbhedaod |
parcels to the total -affeatetbe ra nad nighfafreectl esd  )s ufm
specific year. Suspected stratospheric intrusioas, described in sectiob.2.5 are first
removed from all profiles, to avoid skewing the averages.

The average total tropospheric ozone calculated fromufiedfected parcels is
depcted inFigure5.11. The TTOC is lower for high latitude sites such as Alert, Eureka, and
resolute compared to the middle latitude sites. The percentage-afféicted occurrences for
each individual site is given iRigure5.12. Minimum occurrences can be observed in high
latitude and Arctic sites. However, it should be noted that only a limited number of profiles
were available for those sites compared to that of the other Tabke6.2). In addition, as
noted, fires in Asia and Europe were excluded. Generally, the eastern sites are more affected
than those sites located in the middle and western afsaan example the profiles of
av er ageaef fhefcitreed-onafaencdt efidfoi rppar cel s f or Yar mout h

depicted inFigure5.13.
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Figure 5.11: Total tropospheric ozone expresseth DU calculated from fire-unaffected parcels.
The error bar equals 2 Standard Error ( SE).

The DBT method offers a statistical estimate of the amount of additional ozone
generated by fires. It neglects any contribution from fires more than 144 hours previous to the
sounding. This is likely a small erraince backrajectories from any of the sonde sites will
generally cross the continent in less than 6 days. A more important source of error is the
misassignment of air parcels due to trajectory errors: any systematic difference in ozone
concentration lewe e n-afif e cteed@wnahtleditfede air parcel s
such misassignment. Since trajectory errors over several days can be quifBdavgey et
al., 1990; Engstromand Magnusson 2009;Harris et al, 2005; Stoh| 1998] this probably
causes the DBT method to produce a senmgerestimate of the amount of ozone generated

by fires.

147












































































































































































































