ABSTRACT

The NASA Aura satellite houses four instruments to study atmospheric ozone. The Ozone Monitoring
Instrument (OMI) onboard the satellite provides global total column ozone (TCO) and in combination
with other instruments tropospheric ozone resid(@OR) can be derived. In this study, the trajectory
enhanced tropospheric ozone residual (TTOR) producBatfoeberl et al[2007] is compared with
groundbased observations and ozonesonde soundings to investigate the discrepancies between the
instrumerts on a dayto-day basis over Richland, Washington, and four other stations during the
Intercontinental Transport Experimei® (INTEXR)/IONS06 (INTEX Ozonesonde Network Study 2006)
campaign. Discrepancies between sonde and OMI observations are exawithedtatistical and
meteorological tools. Intercomparison of TCO among different instruments over Richland shows high
correlation but systematic biases due to inaccurate instrument calibrations. OMI TCO exhibits a
persistent low bias over 10 DU in Rarid and two other midatitude stations in spring 2006. Days with

low tropopause heights and overcast skies have significantly higher sohlaliscrepancies in Richland.
Clear seasonal and geographical variations in the distribution of TOR differ@ecebserved, but the
underlying reasons are unclear. Maps of tropospheric ozone and potential vorticity show higher
uncertainty in TOR in regions with lar§eNXi St Qa LJ2 { BPY gradierits. A aggbnme@ivel & 6
hierarchical clustering is emplegt to categorize tropospheric ozone profiles to identify patterns that
may cause differences in sonde and OMI values. Clustering produces outliers of ozone profiles that
represent special meteorological conditigrssich as tropopause folds or presencetlmtk ozonerich

layers in the profiles, but offers few insights on soslell disagreemens.  An extension of the study

to other sites and seasons will allow us to make more robust analyses in-€vileomparisons.



TABLE OF CONTENTS

LIST OF FIGURES.......ccoiiiiiiiiii ettt ettt e e et e e e e e e e e e e e e e e e e e e e e e e e e s saassaanas Vi
LIST OF TABLES . ... et e e et et ettt e e e e e e e e e e e e e bbbt e e e e e aeeaas Viii
ACKNOWLEDGMENTS. ...ttt e e e e e e e e e e e ettt e e e e e e e aeeeeeseennaanesd iX
1 INTRODUGCTIOMN. . ettt e e e e ettt et b e e e e e e e e e e e eabbbb e e e e e aaeeeeeenbenaaanas 1
1.1 OZONE ODSEIVALIONS. .....eeiiiiiiiiiiiii ittt e e e e s br e e e e aanees 2
1.1.1  Satellite Remote Sensing of OZONE............coooeiiiiiiiiii e 3
1.1.2 OMI and Total Ozone AlQOrthMS...........cooiiiiiiir e 3
1.13 Microwave LMD SOUNEL.........ooiiiiiiiiiii et e s 4
1.1.4  Tropospheric Gme Residual Methods..........ccooiiiiiiiiiiiiniieeeee e 7

1.2 CIUSEET ANGIYSIS. ... .eeeeeiiieeiiitee ettt e e e e e e e e et e e e e e e e e e e e e nnnee s 7
G T © o T | OO PO P PP PP PPPPPPRPPPPPN 8

2 DATA & MEHIODS. ...t e e ettt e e e e e e e e e et e eeabb e e e e e eaeaeeeeeneens 10
2.1 SIEI RICRIANG.....cciiiieie e 10
2.2 INSITUMENTALION. ...ttt e e e et e e e e e b e e e e e e b e e e e e e e nnnnees 11
221 UltravioletMultifilter Rotating Shadowband Radiometer.............cccccceeeviiiiiiiieeeennns 11
2.2.2  Obtaining Total Column Ozone from the Shadowband Radiometer....................... 11
2.2.3 MiCrotOPS SUNPNOOMELEL. ... ..uuuiiiiiiiiiiiiiiee e 17
2.2.4  AURA OZO0ONE PrOOUCL......cceiiiiiieiiiiiie ettt e anre e 18
2.2.5  OZONESONUES.....cciiiiitiiiee e e ettt e et e e e e e et e e e e s e e e e e e e et r e e e e e e e e e s 19

P B I = 1 =10t (o =T TP PP PP P PPPPPPPPP 21
2.4 ClUSTEN ANAIYSIS....ceiiiiiiiieiie ettt et e e e e e e e e e e e et r e e e e e e e eaeeas 22
241 IONSO6 STALIONS. ...eeeiiieiiiiiieee ettt e e e e e e e e e e eeeeeaaaaaaaens 22
242 Clustering MethOd...... ... 23

3  RESULTS AND DISCUSSION. ..ottt ettt e e e e e e e e aeb e e e e e aaeeeeees 25
3.1 Intercomparison of Column Ozone at Richland, WA .............coo oo 25
3.2 Tropospheric Ozone Column at RiChland..............c.oooiiiiii e 28
3.3 Tropospheric Ozone Column at other IGMESSILES..........cceeiiiiiiii i 33
331 C¢NRLRALKSNRO hiz2yS wSaaRdz.f.. . .Ly.R..9NI.38

K R O 11 1= (= g AN = 1 V£ L 36

t

20



3.4.1  ACIOSS SItES COMPAIISQLL.....ceeiieiiiiirrieieeeeeaaitreeeeee e s s asbbre e e e e e s aaannrr e e e e e e s sannrrrreeeeeeaane 36

3.4.2  Application to Satellite and Sonde COMPATSOM........ccoviuirmiiiieririiiireieee e 37
4 Summary and CONCIUSIONS..........ooo it i r e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaas 38
APPENDIX A: Results of Bitsite Comparisons of Selected IQDEBSIES.............uvvvviiiieiiereeeeeeeeeens. 40
APPENDIX B: Results of CIUStEr ANALYSIS..........oooiiiii e e e e e 48
REFERENCES. ...ttt e e e e e e e et ettt bbb r e e e e e e e e e eeeet bbb e e e eaaeaens 59



LIST OF FIGURES

Figure 1. MLS measurement geometry. The limb sounder orbit plane is the plane of the paper. The
tangent height of the line of ght is at 50 km. The limb tangent point is at zero distance on the line of

sight. (SourceiVaters et al, 2004).........coooiiiiiiiiii e a e e e e e e e e e a e e e e 5
Figure 2. MLS tracks on the globe of a single day. Each cross reprasege point of a limb scan.
(SourceWaters €t al, 2004)..........uuiiiieeeii e e e e e e e e e e an 6

Figure 3. Comparisons of MLS v2.2, v1.5 ozone, and ozonesonde measurements between latitude 20
and 50 N. Solid circle represerithe averaged percentage differences ((Midhde)/Sonde * 100%)

between MLS v2.2 and ozonesondes, and solid triangle represents the percentage differences between
MLS v1.5 and ozonesondes. Dashed lines show the standard deviation of the differencts/é#n b

v2.2 and ozonesondes. Sour@@ng et alf2007]......cooovviiiiiiiieei 6

Figure 4. Map of Richland and the state of Washington. Richland is located between Seattle and
Pullman (Image from Google Earth)..........coooiieeee e 10

Figure 5. Total (yellow), diffuse (green), and direct (blue) solar irradiance at 323.7 nm measured by the
MFRSR on T4May, 2006 iN RICHIANA, WA ..o e e e s 13

Figure 6. Langley analysis for the morning period on 4th May 2006 over Richland at 310.7nm. Crosses
are data points used in the regression and squares represent data points excluded from the regression.
In(lp) can be extrapaited to zero air mass to yield the irradiance at the top of the atmosphere. The

slope of the line is the total optical depth for the particular time period. The quality of the analysis is
best on clear and StADIE JAYS........coiiiiiiiieee e 15

Figure 7 . Aerosol optical depth at 340 nm and 380 nm"bM&y, 2006 over Richland, WA............. 17

Figure 8. Ozonesonde profile for"2April, 2006 over Richlandlcag with the SBUV climatological value
from 10 mb up to 1 mb (blue). The 7 mb pressure level is the usual height above which climatological

SBUV VAIUE IS AUUEM.. ..ottt e e e e e e e e e e et e e e e s e e s s e s e s e e s s eaaaeente s aessanseeeeeeeeeeeeeees 20
Figure 9. Map of stationssed in the cluster analysSiS...........ccccciiiiiiiiiiiiieiiiieeeeee e, 22
Figure 10. A dendrogram for clustering of the ozonesonde profiles in Richland. The dotted line shows
the cut off where four CluSters are ChOSEIN.............uuiiiiiiiiiiiii e 24

Figure 11. Intercomparison of total column ozone from OMI, ozonesonde, Microtops, and the
shadowband radiometer (UVYMFRSR) values during the campaign in Richland. UN\BRBR8&otes
measurements déved usingBass & Paujl985] ozone absorption coefficients. The retrieval algorithm

of UVMFRSR uses the wavelength pairs (310.7 nm, 323.7 nm) and (316.8 nm, 331.7 nm). Error bars are

2% for OMI, 5% for sonde, and 1% for MiCrOtOPS..........ccvvviieeee e 26
Figure 12. Ozone mixing ratio (black), relative humidity (blue), and temperature (red) profile§ on 24
April, 2006 over Richland. A rich layer of ozone was present between 8 and 11.km.................. 27

Figure 13. Difference in total column ozone, column ozone to 20@mih SCO (from 200mb to TQ2(.

Figure 14. Same as Figure 13, but for petangs differences. Percentage differences are derived from

(OMIG SONAE)/SONAE X LO0UA......ce e e ettt et et e e e e e e e e e e eeeaaaaeaeaaeeaeaaaeaaeaaaaaaanns 31

Figure 15. Distribution of differences in TOR_200 mb (sqr@lgl) at Richland during the campaign.
Numbersonst EA &4 RSy20S8 (KS dzLLISNJ 62dzy R 2F S OK oAy 27F
haLpe¢hwypunnYo F2N wAOKflFYyRYI W5AFFQ A& GKS YSIyYy RA
sonde and OMI TOR_200MID.........ccoiiiiiii e e e e e e e e e e e e e e e e e e e s e s e s s s s s s ae s s s annnrnnne 31

Vi



Figure 16. Curtain plot of ozonesonde profiles below 17 km over Richland, WA during the campaign.

Resolution is every 0.5 km. Potential temperature (black lines) overlaid on the plot. White line denotes

the average tropopuse height over Richland and the blue line denotes the average 200 mb pressure
level over Richland during the CamMPAIGNL. ........c.uvrriiieee e e e e e annes 32
Figure 17. Differences in total column ozone, column ozone to 20@nd SCO (from 200 mb to TOA).
Differences are calculated as (Oddonde). SCO differences are the differences between total and TOR
differences. Tropopause height determined with the ozonopause method (purple line). Mean 200 mb
pressure level (redotted line, 11.9 km) and mean tropopause height (11 km). Orange shades denote

days with tropopause height above 12 K. 32
Figure 18. Tropospheric ozone residual up to 200 mb on M29a6 White squares are the selected

(@ 1IN RS 0] 1 (=SS TP RRTR PP 35
Figure 19. EPV map on 340 K potential temperature surface on #2606 at hour 18 (UTC). Richland
(southern black circle) and Kelowna(thern black circle) have high EPV values.......................... 35
Figure 20. Richland (Rich) and Kelowna (Kel) sonde and OMI TOR (200 mb) during spring 2006. The
correlation coefficient of sonde column ozotee200 mb over Richland and Kelowna is 0.60......... 36

Figure 21. Distribution of differences between sonde tropospheric ozone up to 200mb and OMI
TOR_200mb for (a) Houston, (b) Trinidad Head 3R 6y = ' yR O0RO . N} didGQa

[
FYR ! dz3dzad ONRIKG LI yStaodv wnncd t2aAGABS oAl A
'.F

halL ¢hw@HnnYoX WRAFFSNBYOSQ Aa (GKS | OSNIF A RA
and OMI TOR_200mb for the Site and SEaSON.........ccccc e 45
Figure 22. Curtain plot of ozone distribution for Houston in (a) March 2006 and (b) August 2008
Figure 23. Curtain plot of ozone distribution for Kelowna in spring and August.2006.................. 47
Figure 24. Cluster analysis of Richland ozonesonde profiles in spring 2006/asag dinkage....... 48
Figure 25. Clusters of sonde profiles for Beltsville for the summers ofZHA..............................49
Figure 26.(a) EPV map overlaid with backtrajectories on Jufy 2807. (b) EPV map for Augu¥; 4

200 L SRR 51

Figure 27 Sonde launches (a) at 6am and (b) at 2pm on Audys2ad5 up to 17 km. Ozermixing

ratio in ppbv (black), temperature in degree Celsius (red), and relative humidity in percentage (green)
TSR] 10 Y o SO PRSPRSS 52
Figure 28. Clusters of Beltsville profiles in the summers 0-2005. Six clusters were chosen....53
Figure 29. Clusters of Beltsville ozonesonde profiles in summer 2007. "uBugiist 8, and August

7" were morning launches and the rest are afteon |auNChes..................ccccoveveveveeeveveeereceeeceeeeeen. 54
Figure 30. Cluster analysis of Houston in March 20086.............ccoccuiviiiiiiiiiiiiiic e 55
Figure 31. Cluster analysis of Houston in Augu862®ive out of six clusters are outlier cases.

Pollution surface layers can be seen in summer Houston profiles.........cccooovvvieviiiiiiiii, 56

CAIdzNB oHd /fdzAGSNI Iyl {.88A4. . 2F . NLAGQA.[.I5TS Ay

Figure 33. Clusters of Kelowna in August 2008............ccoioiiiiieiiiiiiie e e e e e e aaaae s 58

Vi

I.
S
'.F

18

a
S N



LIST OF TABLES

Table 1. Solar irradiance at 1 AU (astronoinicet) used for the UVMFBR channels...................... 17
Table 2. Site information used in ClUStEr ANALYSIS........ccccvviiiiiiiiiiiiiieeeee e e 22

Table 3. Summary of statisticstofal column ozone measurement from OMI, sonde, Microtops, and

the shadowband radiometer and correlation coefficients among the different instruments.......... 26
Table 4. Statistical comparisons fachand in April and May 2006..............cccccvvvvviiiviiiiineieeeeeeeees. 33
Table 5. Statistical comparisons for Houston in March and August.2006..........c.ccccceveveeeeeeee.... 40
Table 6. Statisticabeparisons for Trinidad Head in spring and August 2006..............ccccceevvunee 41
Table 7. Statistical comparisons for Kelowna in spring and August.2006.............cccooccvveeeeeeennnne 42

¢cFotS yo {GFrGAadGAOFt O2YLI NRAA2Y.A..F2NL....NLi#®a [ 1S

viii



ACKNOWLEDM®IENTS

This study is funded by grants from the NASA Aura Validation Experiment. Ozonesonde data were
obtained during the IONSJNE 2 SOl @ ¢CKAA&d YAaarzy ol a &dzllll2 NI SR

Modeling and Analysis Program (ACMAP), the Aura Validation project, and the INTEX project.

| would like to thank Dr Anne Thompson for her supervisiorir@research, Dr Brett Taubmédor his
guidance, Dr Eugene Clothiaux for many creative ideas and helpful comments, Sonya Miller with
programming assistancand Dr Jerry Harrington for his inputélso,l would like to acknowledge many

scientists whom | have contacted for my research question

I would like to thank my officemates, classmates, friends, and family for their care and supyish to
extend my thankespecialljfo Meaghan Dougherty, John Yorks, Dave Shelow, Chengzhu Zhang, Tingting

Gong, and Riccardo Ghia.



1 INTRODUCTION

Ozme is a chemical compound that can do either harm or good depending on where it is lobatad.
stratosphere ozoneshields living beings in the biosphere from harmful UV radiation, while an elevated
level of ozone athe surface damageliving organims and causerespiratory diseases in human.
Beside its effects on living things, ozone also has major impacts on climate through radiative forcing
[WMOQ, 2006;IPCC/TEAR005]. Since the Montreal Protocol in 1987, several countries have laws to
controlemissions of ozone depleting substances. While ozone records indicate a continuing depletion in
the stratosphere, the trend is expected to lexdf [WMQO, 2006]. On the other hand, ropospheric

ozone has been increasing in the past decadasnfke et a] 2005. Ozone monitoring is therefore

important in both the stratosphere and the troposphere.

The Ozone Monitoring Instrument (OMI) onboaittie NASA Earth Observing System Asaitellite,
launched inl5"™ July2004,has beercontinuing theglobal ozoe measuremenof its predecessorEarth
Probe TOMS (Total OzonElapping Spectrometer) OMI provides total columonzone (TCQcolumn
ozone from surface to the top of the atmosphénd tropospheric ozone residuffOR tropospheric
ozone column derived Wi a satellite methodi products. While total column ozone has go@atcuracy
[Ziemke et al.2008, troposphericozone is difficult to measure due tonumber offactors. First, nadir
viewing instrumens, like OM| are insensitive to ozone close tand bdow the tropopause Second
active dynamic processes in the upper troposphere/lower stratospheric (UT/LS) region render the
measurement of troposphericolumn ozone difficult. Additionally, TOR is a differerbetween two
larger quantities, TCO and th&aospheric column ozone (SCO), giving large uncertaifitgally, SCO
and TCO arénferred from different instrumentsat different spatialresolutiors. The TOR produds
created from the differencesifter spatial interpolation othe two data setsresultingin large errors

[Yang et al.2007]. Many efforts have beerattempted to improve the accuracgf TOR[Ziemke et a]



2006;Schoeberl et 812007]sinceits retrievalmethod was first proposed in 1986-{shman et a) 1986]
In particularthe accuracyf SCO measurement can be improweihg potential vorticity (PV) [e.ang
et al, 2007], chemical model assimilation, and trajectomgpping to improve resolution of SCO

interpolation.

In thisthesis we use the trajectorenhancedtropospheric ozoneesidual (TTOR)roduct of Schoeberl
et al.[2007]and comparat with groundbased measurement® investigae the discrepancies between
OMI, ozonesonde soundings, amploundbased observations on a d&y-day basis over Richland,
Washington(46.2N, 11916°W) during theIntercontinental Transport Experimei#t (NTEXB)/IONS06
(INTEX Ozonesonde Network StudginpaignThompsoret al.,2007. Earlier studies have conducted
satellite validation on a larggemporal and regional scope. A shorter time ipdrand single site allow
us to examinethe discrepanciebetween grounebased and satellitbhased measurements greater
detailsg AGK | @FAflo0fS YSGS2NRt23A0Ft RIGEF &adzOK Fa ol C
imagery. We further emply a simple clusteanalysis to group ozone profiles at Richland fmd other
IONS06 sites. Thecategorization providesis with special patterns in the profiles that majid in
explainingthe disagreement between sonde and Aura ozone data

1.1 Ozone Obseavations

The bur main types of ozone monitoring methedre groundbased ozonesonde soundings, aircraft
sampling,and satellite based. With groudshsed instrumerg and soundingssurfacelevel ozone and
total column ozone can be measured accuratafya point Satellite monitoring, on the other hand,

offers a global dynamic image of ozodsstribution that is especially important insgessing climate

change.



1.1.1 Satellite Remote Sensing of Ozone

The most prevalent satellite ozone product is the TOMS @zmoduct which provides a continuous
global ozone measurement since November 1978. TOMS have been onboard five spacecrafts with the
most recent one beinghe NASA Earth Observing System Aura Satellimce its launch in July 2004,
Aura OMInow provides the greatest spatially resolved ozone retrievals on a global stake OMtotal

column ozone habeen validated in previous studies [eMcPeters et a] 2007] and was found to be

within ~1% of groundbased measurements.

1.1.2 OMland Total Ozone Algorithms

The Ozone Monitoring Instrument (OMI) is a nadewing instrument with a resolution of 18n by24

km at nadir. The instrument detects radiation in the UV and visibteonly the longer UV wavelengths
(306-380 nm) are used to derive totablumnozone. Aura has an equatorial crossing time at 1:45 pm

[Schoeberl et g12008].

Total column ozone igetrieved based on the NASATOMS v8 algorithm¢$Bhartia 2003 or the
KNMI/NetherlandDifferential Absorption Spectroscopy (DOAS) algorittierikind et al.2006]. TOMS
v8.5 is the latest releaskversion of the TOMS algorithmvhichis the most advanced algorithm to
retrieve total column ozone based on SBUV (Solar Backscatter Ultraviolet)this study, TOMS v8
algorithmis used Totalcolumn ozone isretrieved based on a stronger ozone absorbiwgvelength
(317.5 nm) and a weaker absorbing wavelength (331.2 frhg shorter wavelengtls used to estimate
ozone and the longer wavelengtb estimateeffective reflectivity or cloud fractionThe algorithm has a
forward mode] called TOMRADoO calculate topof-the-atmosphere reflectanceand an inverse model
to retrieve total columnozone from the measured reflectancesA set of 1512 prioriozone profiles

are used to make adjustmesito the radiancein the inverse algorithm. The OMI TOMS algorithm takes



into account special casesuch as aerosols, sea glint, and presence of sulfur dioxide, which can cause

considerable errorsThe rms error of this algorithm is about 2Bhprtia 2003.

The KNMI DOAS algorithm applies spedittahg, which ismadelLJ)2 848 A06f S $AGK halQa
ability [Veefkind et al.2006] The DOAS algorithnestimatesthe ozone vertical column density and

ozone slant column densityThe algoithm consists of three steps. First, the ozone absorpticoss
sectionsare fitted to the measured solar irradiance and earth radiance in a 5 nm wide fit window
centered at 334.1 nm to give the slant column density. Second, the slant column densityésted to

the vertical columrdensityusing an air mass factoilhe last step involves correcting for cloud if a pixel

is cloud-covered. Aguessof columnozoneis put beneath the cloud pressure, determined by @O,

product, from TOMS v8 clit@ogy. The advantage of the DOAS algorithm over T@BIB that it is

less sensitive to UV absorbing aerosaol$ieaccuracy of this algorithrfor total columnozoneis about

2-3%

For further details on the TOMS algorithm, refer to the OMI Algoritheofetical Basis Document

(http://eospso.gsfc.nasa.gov/eos homepage/for scientists/atbd/docs/OMI/ATBIM-02.pd9)

Comparisons of TOMS and DOAS algorithm3CGshowed that DOAS8erived TCas a larger offset
relative to groundbased measurementhan TOMSlerived TCOel.g.McPeters et al.2008 Balis et al.,

2007.

1.1.3 Microwave Limb Sounder

The Microwave Limb Sounder (ML&)so onboard Aurameasures satospheric ozone withl.5 km
vertical by 3 km crosstrack by 300 km alongtrack resolutionat the limb tangent point(Figure 1)
[Livesey et al2007]. But the horizontal resolution of the data product reduces to ~24bwgitude by
2° latitude globally because of large spacing between orbits shown in Kigure2). MLS takes
measurement seven minutes before OMichoeberl et al.2007]. MLS detects microwave emission
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http://eospso.gsfc.nasa.gov/eos_homepage/for_scientists/atbd/docs/OMI/ATBD-OMI-02.pdf

between 118GHz and 2.9Hz. In th region 0fl00¢ 215 hPa, the resolution is 3 km vertical and 200

km alongtrack, with decreasing accuracy closer to the tropopaugeroidevaux et al 2005].

Comparison of MLS measurementith other instruments shows the accuraoy MLS ozone to bat

least a few percentor stratospheric column ozorfkivesey et al2007;Jiang et al.2007;Froidevaux et

al., 2008], but up to 20% for ozone down to 215 hBahg et al.2007] The reent data version of MLS

is v2.2 and the previous one is v1BEigure3 shows the comparisons of MLS vi3,2, and ozonesonde

in the latitudes 20; 50N. Differences between the measurements amplified at high altitudes and below

100 hPa. Agreement between measurements of v2.2 and ozonesonde is in general better than those

between v1.5 and ozonesond®ata from bothvl.5 and v2.2 are in the TOR product used in this study.
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Figurel. MLS measurement geometryThe limb sounder orbit plane is the plane of theper. The tangent height of the
line of sight is at 50 kmThe limb tangent point is at zero distance on the line of sigii®ource:Waters et al, 2004)



Figure2. MLS tracks on the globe of a single ddyach crossepresents a tangent point of a limb scan(SourceWaters et
al., 2004)
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Figure3. Comparisons of MLS v2.2, v1.5 ozone, and ozonesonde measurements between latitude 20 and 50 N. Solid circle
represents the averaged percentage diffarees (MLSSonde)/Sonde * 100%) between MLS v2.2 and ozonesondes, and solid
triangle represents the percentage differences between MLS v1.5 and ozonesondes. Dashed lines show the standard
deviation of the differences (%) between v2.2 and ozonesondes. r&auliang et al[2007]



1.1.4 Tropospheric Ozone Residual Methods

Tropospheric ozone residual (TORYé&ived by subtracting théura MLS SCO (stratospheric column
ozone) from theOMI TCO To derive reliable estimates of TOR, the larger quantitif&CO and SGO
needto be accurately measured. Though TCO has been fouhdueexcellent agreement with other
observations, MLS errors have been much larger, and the error ogayto the TOReads to large

percentage errors in TOR

Types of improvement for TOR product

Three major approaches were used to improve the poor resolution of the 8@0Sdata, which is a
major source of error in the TOR produtang et al.2007] First, ptential vorticity and geopotential
height correlate well with ozone mixing ratio and theéa® quantities are used to fill in gaps in the MLS
data [Yang et al.2007]. Second, kbemical models are used to assimilate MLS data, though model
improvement is required to correct observed biases to produce more accurate tropospheric ozone
products [Stgner et al, 2008]. And third, trajectories are used to move MLS measurements forward
backward in time to minimize interpolation errors in ML Hioeberl et gl 2007]. The tropospheric
ozone product used in this study employs the latter appraacimprove the TOR data accuracy.

1.2 Cluster Analysis

Clustering is a statistical technique for data exploration widely used in science. It allows categorization
of a large amount of data conveniently based on one or more variables while case stidisga
subsets require intensive labor and time. In atmospheric science, one of the applications is the
clustering of air masses in synoptic meteorologyg| Kalkstein, Tan, and SkindJo¥987]. Cluster
analysis was recently used classifyozone profiles ovedohannesbur@f which meaningful groups of
profiles were identified Diabet al.,2003] and in Japan where clusters of winter and summer patterns

were identified Yonemura et al.2007]. For our purpose, we apply cluster analysis on ozone profiles



during the IONS06 campaign. Through a simple cluster analpdi®zone profiles limited to the
troposphere, we aim to (1) identify groups of clusters with meaningful characteriatidg2) compare
cluster groups with satellite measuremestb identify systematicerrors in the satelliteetrieved TOR

and deduce the urerlying factorfor these errors

1.3 Goals

There have been continuing developmsiint satellite troposphericolumnozone retrieval for over a
decade, but considerable biesstill exist in the tropspheric ozone residualThe focus of this thesis is

to explore thediscrepancies betwee®@MI TTOR, grountlasedretrievals of total column ozoneand
ozonesonde soundings at Richland, VEAd four other ION®6 stations. We focus on April and May
2006 atRichland and compare data in spring and summer 2006 at other sites. With our smaller focus on
five sites and a shorter time period, we explore the discrepancies carefully through intercomparison of
measurement and with other available meteorological datuch as EPV, cloud imagery, and

backtrajectory analysis.

The Department of Meteorology NATIVE (Nittany Atmospheric Trailer and Integrated Validation

Experiment, http://ozone.met.psu.edu/Native/ind&.htm) facility, a mobile atmospheric chemistry

measurement facility, was deployed in Richland,,WiAour study period.Richland, WA, located in the
northwestUnited Statesexperiences frequent dynamic processespecially in springtimeTheNATIVE
facility is equipped withinstruments specificallyfor column ozone measurementTwo groundbased
instruments a Microtops ozonometer and a UMFRSR(Ultraviolet Multifilter Rotating Shadowbnad
Radiometer hereafterreferred to as shadowband radiomejerand ozonesondes make measurements

close to the time of Aura satellite overpassso intercomparison dbtal column ozone can be made.


http://ozone.met.psu.edu/Native/index.htm

Besides Richland, WA, we also compare ozonesoretesurementsand satellite-retrieved TTOR at four
IONSO6 stations: Kiewna (Canaday . NJ- (i ({C&hada) Trinida8 Head, CA, and HoustarX, for
spring and summer 2006/ e can assess whethdiscrepanciebetween the instrumentsre universal

or vary with locations



2 DATA & METHODS

In thischapterwe describe the stdy sites, instruments and satellite products, and methods used in this

work.

2.1 Site: Richland

Richland(46.2N, 119.16W), is a city in southeastern Washingtdrigure4). The terrain is flat and the
climate is dy. Average total precipitation is 0.48chesin April and 0.57 ichesin May from 1948
through 2005 (monthly climate summary is available at http://www.wrcc.dri.edu/cgi
bin/cliMAIN.pl?warich). The site was chosen because of its low cloudiness comytreseattle and

Pullman where aircradtin the INTE>B campaigmwere based at

Soatia
ealtle
s.f” 4 o

(N Washington

Richlandi WA

Portland e .
? © 2008 EuropalTechnologies
Image State of Oregon
Image!© 2008 TerraMetrics < (‘.nnglc
Image NASA }

{
/

Figure4. Map of Richland and the state of Washington. Richland is located between Seattle and Pullman (Image from
Google Earth).
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2.2 Instrumentati on

2.2.1 Ultraviolet Multifilter Rotating Shadowband Radiometer

The Yankee Environmental Systems (YES) Ultraviolet Multifilter Rotating Shadowband radiometer
(UVMFR7) measuresdirect and diffuse radiancat 2-nm FWHM centered omvavelength at300.0,
305.5, 3115, 317.5, 32®), 332.5, and 368 nm. Amospheric ozone contens retrieved based on the
absorption efficienciesit the different channelsTo obtain total column ozone, a doublavelength
radiative transfer formula is us€éaoet al.,2001. The SolaLight Microtops Il Ozonometerses five
UV channels to measure total column ozone. The instrung@rgstotal column ozone and aerosol
optical cepth. A Cimel Electronique sun photometer model GE8N was operated as part of the
Aerosol Robotic NetworkKAERONETHpIbenet al., 1998] for the duration of the campaign. Tk
318N measured direct solaadiance at eight discrete wavelengths (340, 380, 440, 500, &1® 940,
and 1020nm). The measurements are used to derive the aerosol optical dep@iDjAhataid in

obtaining the parameters for the shadowband radiomeasrdiscuss in the next section

2.2.2 Obtaining Total Column Ozone from the Shadowband Radiometer
Total column ozone can be retrieved with the shadowband radiometer using the -dinactnehod

which is also used in Dobson spectrometers. In this section we outline the-siineechethod and how
the different parameters are obtained for this method. We also discuss the difficulties in relation to

deriving total column ozone from the shadowlthradiometer.

2.2.2.1 Workings behind the shadowband radiometer

The UVMFBR7 was sent to the manufacturer YES for calibration in December 2005 prior to the
campaign. Calibration is crucial for the accuracy of radiances obtained from the radiometer due to
changes with time in the filters in the instrument. Calibratiosoefficients are usedo convert raw
voltages recorded by the radiometer into solar irradianedich is the geophysical quantity of interest

when doing radiative transfer analyses.

11



Our main pupose with the shadowband radiometer is to obtain total column ozone sinulahe
traditional Dobson spectrometetechnique Total column ozone can betrieved based on the
differential ozone absorption of UV radiati@t different wavelengths The ratbmeter measuresthe
total and diffuseirradiances athe surfaceover seven UV wavebandsThe directirradiance ighe total
irradiance minus the diffusiradiance. For a clear day, tireadiances look likeéhose inFigure5. A
simple radiative transfer equation describes the basics of this type of grbased remote sensing

instrumentmeasurement

0= QT @)

wherel is the direct solar irradiancat the surfacel, is the irradiance at the top of the atmosphetdis

the total optical depth due to ozone absorption, aerosol scattering, mtecularscatterirg, andm is

the air mass.l is measured as raw voltages by the radiometkris derived from Langley analysis (see
below). The & mass(m) is determined from the solar zenith angle (SZA). The optical depth is obtained
by inversion of equatiorl. To extract the ozone optical depth, optical dephdue to molecular
scattering and aerosol scattering are first removed. The equation for the optical depth dugl¢oular

scattering is well established:
tvepsomo= 0.008569_ 4 1+ 0.0113_ 2+ 0.00013_ “ 0/ 2

where a-is the wavelength in micrometers, P is therfacepressure and?, is the standardsea level

pressure(1013 mb)YHansen and Travi4974.

The catribution of aerosol scattering will be neglected as we describe in equéation

12
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Figure5. Total(yellow), diffuse(green), and direct blue) solar irradianceat 323.7 nmmeasured by the MFRSR a4 May,
2006 in Richland, WAGrey line shows the solar zenith angle during the course of the day.

There have been different ways published studies foromputing total column ozone One methods

based on the best quadratic fit of aerosol optical depth usraiavelengtiiKing and Byrnel976] In

this method, total optical depth is first obtained from Langley analysis (see below). Then molecular
optical depth and climatological ozone content are removed from the total optical depth. The resulting
guess ofaerosol optical depth is plotted against wavelength and fitted with a quadratic equation as

aerosol depth has a dependence on wavelengthe quadratic equation is in the form
Int= ¢+ @In_+ dIn(V]?, €)
whereads wavelength and, b, care constants of the quadratic fit.

Ozone content is altered untdptimal ozone content produces the best fit for aerosol optical depth

versus wavelengthThenthe final ozone content is taken as the estimate of total column ozone.
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The most common and straighdrward way is to use voltages from two doulavelength pairs to

calculate the ozone content with a direstin formula €.g. Gaoet. al.,2001]. Theformula does not

account for extinction from aerosol as it assumes a linear dependence in aerosol optical depth along the

two wavelength pairs.

The total column ozong can be obtained as follows:

Gg () 1 (&) GE (D) o B(d) ) a4 Db
= o "aey Mooy Nagg | 1% | TAUR g
Il || e '
where
a = first wavelength of the first wavelength pair
aQl' a802yR ¢ @St Sy3aiGK, 2F GKS TFANAID

b= first wavelength of the second wavelength pair

0 £second wavelength of the second wavelength,pair
V,= top of atmosphere rawoltage,

V= raw voltages measured at a certain wavelength
U=o0zone absorption coefficient at the specific wavelength
b=molecularoptical depth

m= air mass based on solar zenith angle

P/ P,= station pressure to sea level pressure
A0

and T TRz vel 2o U2

gl

%)

S

(4)

t

S

y 3

where Ris the mean earth radius (6371.229 km)s the elevation of the station in km(Richland is at

0.123km above MSL)h is the height of the ozone layer over the station in km (determined from the

ozonesonde profilelandZis the solar zenith angle.

Langley Analysis

The top of atmosphere (TOA) raw voltalyk) for each wavelength channel is estimated through Langley

analysis.Figure6 shows agraphupon whichLangley analysis based When the measured voltages of

a certain channel fomorning or afternoon periods are plotted against air mass, the TOA voltage can be

obtained through extrapolatioto zero air mass. The choice of data points to include in the regression is

based on the algorithrdescribedin the work ofHarrison and Milkalsky[1994], which is included in the

program that comes with the instrument. Difficulties arise from the Langley analysis as this method

14
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requires clear and stable atmospheric condis@md a long time series to get a relial@stimate forV,.
The sample figure shows one of the best periods wedt@during the campaign.Nonetheless, award
larger air mass i(e. large SZA) scattan the measured voltage§v/) becomes more seriousAs our
Richland campaign was less than a mosgstimated from a few lear days varie@ lot and we could

only settle on the average of the best few days.

6.00

5.00

[ ul

4.00

ITau = 1.8673, Vzero = 3065.8575

3.00

1.50 . 2.00 2.50
000 AlrmaSS Copyright & 1284-2002 Yankee Environmental Systems, Inc

Figure6. Langley analysis for the morning period dth May 2006over Richland at 310.7nm. Crosses are data points used
in the regressio and squares represent data points excluded from the regressionlg)lic@n be extrapolated to zero air mass
to yield the irradiance at the top of the atmosphere. The slope of the line is the total optical depth for the particutae ti
period. The quaty of the analysis is best on cleand stable days.

To choose the best days to use in our averaging, we look aiutwesof the solar irradiancéFigure5),
the total sky imagesLpnget al., 2006], and the aerosadptical cepth from AERONEHpIben 199§.
Figure 7 shows how aerosobptical depthvaries over Richland during the course of a day. Since
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UVMFRSR measurements for a Langley anadfysisassumed to be taken in steady atmospheric
conditions, large changgin aerosol levedwill affect estimation ol,. Unfortunately, only about 3 days
duringour campaign had relatively constant aerosol levels. To assessdiomatedV,Qa I FFS O
column ozoneretrieval from the MFRSRve conduotd a set of sensitivity analysis to investigate how
important the accuracy o¥,Q & to the retrieval Finally, we settld on a set ofV,Q avhich are then
converted toS, (solar irradiance at AU in mV) to account for changing sekarth distances. fe set of

SQused in our analysis is shownTiablel.

Various sets of ozone absorption coefficients were testethe UVMFRSR retrievaind the resulting
total column ozondTCQranged over 30 DU. We adoptdte Bass and Paufl985] coefficientsasthey

are recommended by WMO in 1992 antiey are considered a standard set for use in Dobson
spectrophotometersKomhyr et al.1993]. We attemptedto retrieve totalcolumn ozone for every day
during the campaign when é#re existed a period with clear skyQear periods wereselected by
inspection ofthe solar plots likehosein Figure5. We analyzed clear sky retrievals close to ozonesonde
launch times, or to satellite overpass time (near 2m) if the ozonesondelaunch time is late in the
afternoon. For cloudy days, we examined the solar plots closely to see if weree anyclear sky
periods, skippinghe dayif it was overcast. The TCOvalue is calculated as the average of five three

minute averagesonsecutive in timef a given day.

The method of calculatinfCOwas applied to a data set from Mauna Loa to check the validity of the
algorithm (http://uvb.nrel.colostate.edu) TheTCOvalues all matched with the published values and

confirm that our application of thealgorithm is correctleading us to conclude that retrieval errors for

Richland, WA, arose from inaccuratgQ) a @
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Figure7 . Aerosol optical depth at 34@m and 380nm on 9" May, 2006 over Ridand, WA.

Tablel. Solar irradiance at 1 AU (astronomical unit) used for the UVMBR channels.

299.0 42433
304.6 28363
310.7 3177.5
316.8 1733.7
323.7 19390
331.7 1407.8
367.2 1675.1

2.2.3 Microtops Sunphotometer

The Solar Light @wany Microtops 1l sunphotometer was used to obtain total column ozone
conveniently. The instrument, once calibrated, provides total column ozone by simply pointing the
handheld instrument to the sun. The precision of thetiument is 12% Morys et al, 2001]. The
underlying algorithm is similar to thapplied to theshadowband radiometedata. A twaechannel
version of equatioM is used in theretrieval algorithm supplied bthe manuacturer. Details of the
instrument andretrieval algorithmcan be found inMorys et al [2001]. The ozone absorption

coefficients in theetrievalwere the Molina and Moling1986]coefficients
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2.2.4 AURA Ozone Product

The TOR product we used is the traggg enhanced tropospheric ozone residual (TTOR) v1.3 detailed in
Schoeberkt al. [2007. Because of the poor horizontal resolution MLS provides, talae back and
four-day forward trajectories are employed to improve the global resolution of TR®R poduct.
Measurements from MLS are moved forward or backward in time with trajectories between the
pressure levels 215 hPa to 10 hP&bove that pressure level, linear interpolation is used on the MLS
data. The meteorological fields for the trajectorylcalations aréromGEOS} before15"™ July 2007 and
GEOS after that date. Schoeberét al.[2007] showedhat the TTOR improved agreemerglative to
ozonesonde measurementompared withthe TOR product without trajectory enhancemeint the
work of Ziemke et al[2006]. Schoeberét alQ R007] TTOR product is given as a daily global product of
1° latitude by 1.5’ longitudein the NetCDF format. Total column ozone (TOMS v8), column ozone up to
200mb, and column ozone up to tropopause heights derilbaded on thermal and dynamic definitions
are in the data product. Dynamic definit®refer to the |3.5|PVU surface and the thermal definition

refers to the altitude whee the lapse rate falls below R kni".

The TTOR product had quality flags attacliedeach day. Flagged data, usually because of high
reflectivity or low tropopause, were removed. On a couple of diyesTTOR columsiappeaedto be

unreasonably low and were removed manually.

OMI overpass data over Richlamere also available in th&OMS v& and DOAS algorithms. The
overpass time of the satellite during the campaign period is at abay2lom (LTC). Most days have
two overpasses within two hours of eadther and the ozone amounts were either averaged or the

better retrieval perod (smaller SZA, lower cloud fractiomasused.
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2.2.5 Ozonesondes
EnSci electrochemical concentration cell (ECC) ozonesoKaesHyr 1969] (0.5% buffered Kl solution)

were launched with Vaisala B8 radiosonde HA-U (pressurgemperaturehumidity) soundingystems

on a daily basis during the campaign in Richland. The time of the launches were amuandlZ, which

is around the AURA overpass time over Richland. Temperature, relative humidity, and ozone mixing
ratio were recorded every 1.2 seconds durthg launch. The ECC ozonesonde has an effective vertical
resolution of about 100 mThompson et al.2007b]and an accuracy of about +5% up to 35 km and
about +(34%) in the tropospheregmit et al.2007. Total column ozone igbtainedby integrating he
profiles up to a pressure level ofriib (~35km), or to the balloon burst heighif it is lower,and adding
climatological ozone from satellite SBUV (solar backscattered UV) dhatvéevel [Thompson et al.
2007a], as illustrated irFigure8. The climatological ozone amount comes from the measurements by
SBUV on the Nimbus 7 satellite during 197990 McPeters et al.1997]. The climatology is presented
by month and in 1Dlatitude zones around the globe. At Richlance timatological ozone amount
from 7 mb to the TOA is 33.0 DU in April and 31.8 DU in Nihg. total column ozone from sonde with

the SBUV climatological ozone added has an uncertainty of Bétripson et al2003].
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Figure8. Ozonesonde profile for Z‘HApriI, 2006 over Richland, along with the SBUV climatological value from 10 mb up to 1
mb (blue). The 7 mb pressure level is the usual heighbve whichclimatological SBUV valus added

Sonde estimateof TORare obtained by integrating the Q profile from the surface to thetropopause
heightand to the 200mb pressure levelThe formula to convert from ozone mixing ratio in ppmv into

Dobson unit is:

6600 OYG00 Ok 00 6 Qi 6 Ch Bong el = =M CILOIE0995% )

where . is 0zone mixing ratio in ppm\g is pressure at the measurement levejr is the height

difference betweerthe two measurement pointén kilometers, and is temperature in Kelvin.
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Ozone amount in an ozordch or ozonedeficient layer is evaluated by integrating the ozone content
within the layer and comparedith the ozone contentf the layer is absent The ozone amount within
the layer was calculated with equatioh between the estimated bottom and top of the layer
determined byvisual inspectionon an ozonesonde profile (sdeigure12). The background ozone
content of the layer was computedith equation5 by assuminghe ozone mixing ratidoetweenthe

two height levelsare the average of the mixing ratios at the bottom and top of the layer

2.2.5.1 Tropopause Height Calculation

Tropopause heighestimationwas done sparately by analyzing the ozonesonde profile. Details isf th
w21 2y S 3IANI Rk Btffiework §DoKghdry2008]. The method involves locating a persistent
nearzeroslopein the ozone mixing ratiprofile (altitude vs. ozone mixing ratiayith a sliding window

of 0.5km. The height is set as the average of the bounds of the sliding window when the largest
difference in ozone mixing ratio is found in the window or the ozone mixing ratio at the lowend is

greater than 170 ppbv.

2.3 Trajectories

The HYSPLIT (Hybrid Sirigésticle Lagrangian Integrated Trajectory) mod#iikler,1997;Draxler and
Rolph,2003 was used to calculate the back trajectories of air parcels passing the study site. déle mo

was run with NCEP (National Center for Environmental Prediction) EDAS (Eta Data Assimilation System)
archivedata on the NOAA (National Oceanic and Atmospheric Administration) READY siksiigim [

2003]. The EDAS archive contdim&e-hourly meteorobgical fields interpolated to a 4km grid set.

The trajectories were run at 2,000, 4,000, and 6,000 meters above mean sea level.
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2.4 Cluster Analysis
We explored the possibility of using cluster analysis to identify patterns in the ozonesonde profiles
within the troposphere that may suggest causes for the discrepancy in tropospheric column ozone

between ozonesonde and Aura.

2.4.1 IONSO06 Stations
We focused on five other sites during the IONS6 campaign

(http://croc.gsfc.nasa.gov/intexb/ions06.html) The mapf the site locatios is in Figure9 and the site
information is presented ifable2. These stations were chosen becatisey hadmore sonde launches
than otherlONS sites.Details of sonde launches are described in the workehoimpson et a[2007a]

and Thompson et a[2008].

45 N

30°N

Figure9. Map of stations used in the cluster analysis.

Table2. Site information used in cluster analysis

Site Coordinates Elevation (m) Time periods \
Richland, Veishington 46.20N, 119.18w 123 Spring 2006

Beltsville, Mryland 39.04N, 7652°W 24.4 Summers 2004 2007

. NJ i ( Gaskafchewas : 50.20N, 104.76w 580 Spring andAugust 2006
Houston, Exas 29.72N, 95.36W 19 March and August 2006
Kelowna, Btish Columbia  49.93N, 119.46w 456 Spring and August 2006
Trinidad Head, &ifornia 40.80N, 124.18W 107 Spring and August 2006
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2.4.2 Clustering Method
There are many variaties with cluster analysis. Several variations in clustering procedumagding

distance definition, linkage methods, resolution of profiles, and number of clystesee explored

before a standard procedure was chosen to be used on all our data.

Our dustering procedure involves using hierarchical methods with Euclidean distance and average
linkage. According taVilks[2006], average linkage defines the distance between groups as the average
distance between all paired points in the two groups. Tiniksage method generally produces large
clusters with some small clusters as outliers. The ozone profiles are cut off at a height of eitheni0
15km, depending on the season and site focus on the tropospheric portion. Ozone mixing ratio data
recorded were put into equalldivided bins according to altitude and the data were averaged in each
bin. The input to the cluster analysis was the averaged ozone mixing ratio profiles for a specific site.
The cluster procedure was applied and the numbgkclasters was determined after inspection of the
dendrogram Figurel0). To avoidosing statistics of a cluster when allowitogp many clustersthree to

sixclusters were chosen depending on the site.

Cluster analyses werconducted for profiles for each season and site, as our focus is not to identify a
seasonal pattern but sitepecific special cases. Clusters were compared with results of ozone hudgets
which provide the information on the sources of ozone of an ozorile, to determine if a cluster
provides information on the origins of ozone layers within the troposphéBeltsville only)
Comparisons between Aura OMI and sonde ozone measuransimilar to the approach for the

Richland campaignvere done for ezh site.
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Figurel0. A dendrogram for clustering of the ozonesonde profiles in Richland. The dotted line shows the cut off where four
clusters are chosen.
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