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Abstract

Nitrogen dioxide (NQ) is a common air pollutant that is toxic to hurmagpiratory and
cardiovascular health. Previous studies have demonstrated the ability of satellites (Aura OMI)
and grounebased spectrophotometers (PSI) to detect piflution in urban areas around the

world. However, the ability to validate the instrurteeim coastal regions has remained difficult

due to OMIOGs coarse spatial resolution as wel
the Sentineb Pr ecur sor 6s Tropospheric Monitoring In
June 2018, and theingtme nt 6 s spati al resolution is nine t

study compares column N@easurements from PSI with those from OMI and TROPOMI

during the 2018 OWLET campaign. Comparisons are performed at two sites: NASA

Goddard Space Flight Cemt(GSFC) and the University of Maryland, Baltimore County

(UMBC). TROPOMI 6s hi gher r e sP8llagrdementrio fad Wwithio we d f
10% at the lespolluted GSFC site and within 20% at the mpadluted UMBC site. In addition,
statisticdly significant correlations between satellite and grebaded N@ measurements were

found at both sites. Case studies conducted on 29 June and 30 June illustrate these results and
show that as vertical mixing increases the homogeneity of the surfacéhiapyegghout the day,

satellitePSI comparisons improve by a factor of two.
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Chapter 1. Introduction

Nitrogendioxide (NQ) is a widely occurring air pollutatiatis toxic to human respiratory
and cardiovasculdrealth(Yang et al., 2009; Gurji et al., 20ll0amsal et al., 2015; Goldberg et
al., 2017) In additionto itsadverse health impactdO: is of interesto scientistdecause of its
unique absorption featurgsthin theUV-visible region of the electromagnespectrumKnepp
et al., 205; Lamsal et al., 203 Goldberg et al., 2017Thus,satellite instruments ikl A S A G s
Aura Ozone Monitoring InstrumerfOMI) use measurements sdlar backscattdo estimate
total columnNO- (Bucsela et al., 201¥Xnepp et al., 208; Martins et al., 2016,amsal et al.,
2017; Goldberg et al., 201 Qver the past decaddudies likeLamsal et al. (2015) and Duncan
et al. (2016) have shown that OMI is atdenonitor NO. overurbanenvironmentsand rural

biomass burning regions around the world

lnaddi tion to sat el dgrauridbasedParsidraspectnghotimeter NASA O s
instrumentgPSI)can measure total colunNDO,. PSImeasuesdirectsolar radiatiorand uses
the absorption spectra to estimad&l columnNO, similar to OML However PSlcan provide
continuousdNO2 measurementfhiroughouthe daywith a temporal resolution on the order of
minutes This allowsfor an analysis of thdiurnal variability of NQ pollution, which is not
possible withl-2 daily satelliteoverpasseélzortziou et al., 208; Kollonige et al., 2018)Since
nitrogen oxides (NOx = NO + Nfpare often emitted from the surface through fossil fuel
combustion, grountbased measurements fréslcan provide useful approximationgsurface
and plant&ary boundary layer (PBL) N{pollution (Herman et a).2009 Tzortziou et al.2012;

Tzortziou et al.2015; Knepp et al.2015).



In order to validate the satellite N@etrievals, previous studies have compared
measurements from OMI with those frd*®L Tzortziou et al. (2012) found that ONRSI
differences for N@ranged from 0.0®Dobson unitsU) to 0.17 DU (~2650% difference) at 12
sites in the Baltimore/Washington region. In additi®8]NO; retrievals varied by an order of
magnitude spatially and temporally, which indicated Bfakwas able to resolve localized
pollution gradients (Tzortzioat al, 2012). SimilarlyReed et al. (2015) compared OMI argl
column NQ retrievals during the 2011 DISCOVERQ campaign in the Baltimore/Washington
region. The study found th&@MI and PSkgreed within 25% during most coincident
observations, but theresence of clouds and/or aerostdgradedhe percent differences by
nearly a factor of Iesuling in offses as high a$5%. Tzortziou et al. (2012) and Reed et al.

(2015) both observed thBSIgenerally registered more total column N@an OMI.

More recently, the Herman at al. (20182ortziou et al. (2018and Kollonige et al (2018)
studiesmadeOMI-PSINO. comparisongn coastalkenvironmers. During the 2016 KORUBQ
campaign in Korea, Herman et al. (2018) found &®ltotal columnNO: differences of 0.12
+/- 0.15 DU in polluted urban arelke Seoul andusan Thisindicated that theatellite and
groundbased totatolumn NQ measurements differed by roughly a factor of with PSI
typically measuring more total column NW@an OMI Tzortziou et al. (2018) also compared
total column NQ measurements from OMI afS1during KORUSAQ. TheOMI-PSI
agreement varied consideralyong variousites andPSImeasured 1:80% more total
column NG than OMI.Kollonige et al. (2018) found overall OMRSIagreement of ~20% at
various terrestrial and marine sitbatwere subject tperiodic regional pollutionAs was the
case in Herman et al. (2018) and Tzortziou et al. (262B) generally neasured less total

column NQ thanPSl Herman et al. (2019pund that OMI measured on average3B8s less



total column NQthan PSI at numerous sites around the wditiekse resultgrdicate that OMI

has atendency to underestimate timeal columnNO: in highly polluted environments.

Despitepromising resultshevalidation of satellite anBSImeasurements in coastal urban
environmentsemains an ongoing challengéheseenvironments can have a variety of emission
sources (i.e., mobile, shipping, power plants, etc.) as well as eempleorologicaphenomena
associated with landiater interface (Tzortziou et al., 2012; Stauffer et al., 2015; Tzortziou et
al., 2015; Sulivan etal., 2018).As mentioned previously, clouds and aerosols can interfere with
the satellite and grourddiased retrievals and worsen the agreement between the two instruments
(Reed et al., 2(). Bay- and sedreeze circulations can arise in coastaliremments due to
hydrostatic pressure gradients resulting from differential heating between land and water
surfaces (Stauffer et al., 2BIFlynn et al., 2016). These circulations can rapidly transport low
level NG pollution both horizontally and vertittp (Flynn et al., 2016; Sullivan et al., 2018)
addition, he distribution of N@pollution in the vertical by turbulent mixing can influence
comparisonsSatellites aregyenerallymore sensitive to pollution that is locateéidher up in the
atmospherewhich means that N(ollution that is trapped near the surface may go undetected
(Lamsal et al., 2017; Goldberg et al., 2017; Kollonige et al., 201is, \ertical mixing can

redistribute NQ pollution aloft and improve satellt@SIcomparisons.

In addition to meteorologyasellite retrievals can also suffer from inhomogeneities
between land and water surfatleatresult from differences in surface reflectivity and
absorptiviy (Tzortziou et al., 2015; Tzortziou et al., 2018he relatively large footprint of OMI
(~13x24 knt pixel resolution at nadidnd its carse temporal resolution {1 overpasses per
day) canfurtherhindergoodcomparisons with groundased N@measurementJ hese issues

alsomake it difficultfor OMI to resolve landvaterNO: pollution gradientgTzortziou et al.,



2012;Tzortziou et al., 2015; Kollonige et al., 201B) order to improve upon the issue of
satellite pixel size, thEuropean Space Agency (ESdgvelopedhe Tropospheric Monitoring
Instrument (TROPOMI)which was launched on the Sentibgbrecursor satellitm late2017.
TROPOMIhasa spatial resolutionf ~3.7x7 knt for NO, which isnine times higher thaihat
of OMI (Loyola et al., 2017Griffin et al., 2019. The databecame available in June of 20&8d

they havehe potential to yield better comparisons WtBlthan are possible with OMI

During the 2017 Ozone Watkand Environmental Transitions Study (OWLETS) campaign
we compared total column N@easurements from OMI afL This campaign was focused
on meaasurements dwo sites: the inland NASA Langley Research Center (LaRC) site and the
overwater Chesapeake Bay Bridge Tunnel (CBBT) €i8BT was the lespolluted site, and
average OMIPSlagreementvas~15% In contrast, eerageOMI-PSlagreementvas~29% at
the morepolluted LaRC siteThese resultdlustratePSbs abi | ity to detect st
significant landwater gradients in N&pollution. In addition, theOMI-PSlagreement wafound
tobet he most compr omi szeaincwénewith ti@MiteXceedepg-13x24 | s |
km?> Thisconfirms that OMI 6 sisoftemanissuewhenprakingthdse r e s ol u

comparisons.

In this study, weanalyzeresultsfrom satellite PSINO2 comparisons usindata from
OMI andTROPOML The measurements were collectiediingand aftethe20180OWLETS-2
campaign in th&altimore/Washington regioffhe main goals of this study were to: (1)
Evaluate N@ measurements from satellites d8lin amorepolluted region along the
Chesapeake &/ than tidewater Virginia(2) DeterminewhetherlT ROP OMI 6s hi gher r e

improves satellitePSIcomparisongs well as theambility of satellites taletect localized

10



pollution sources and gradien{8) Evaluate conditions for which séite-PSldiscrepancies are

greatestand (4) ©nfimPSBbs abi l ity to provide accur.ate, cC
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Chapter 2. Methodology

2.10WLETS-2 Sites

As shown in in Figure 1hts study was centered around three sttesUniversity of
Maryland, Baltimore CountydMBC), NASAOGs Goddar d S@3F6eandRdrti g h't
Miller Island HMI). Each sitewvas affected byWO- pollution from a variety of sources,
including mobile(i.e., automobiles and otheehicleg, shipping emissions along the Chesapeake
Bay, and power plant&IMBC (39.254'N, 76.7092V) is located about 25 km inland from the
Chesapeake Bay affdkm southwest of downtown Baltimore. The site is also located right
between interstates 95 and 695, which means thetatvegollution from vehicle emissions as
well as8 power plants that are locatadarby The HMI site 89.251 N, 76.3666VW is located
on the western side of Chesapeake Bay ab@khPeast of downtowBaltimore. This sites
subject tgpollution from upwind urban and power plant emissions as well as shippinglarees.
to Balti mor eds perpesencedfbdygnd breezetcitcidatidmsaacyn, make for
significantpollution gradientdetweenJMBC and HMI. Lastly, the GSFC si{88.9896N,
76.8533W is located about 38 km inland from the bay @6d&m northeast of downtown
Washington, D.C. This siteceivegollution mainly from local and upwindehicleemissions.
By examining all three sites, vegeable to observe lardaterNO: pollution gradients as well

as gradients between tBaltimore and D.C. areas.
2.2 Satellite Column NO2 Observations

2.2.1 Aura OMI

C

OMl is a UV-visible spectrometer thatwési r st | aunched on NASAOGSs

summer of 2004. Measurements from OMI cover a spectral rangettd 300 nm, and the

12



nadirpixel size is about 1By 24 km(Levelt et al., 2018 It passes above the equator daily
between 1300 and 1400 UTDd achieves global coverage roughly every two days. As
describd previously, OMIuses direct anbackscattexd solar radiation to estimate total column
amountf NO; (Lamsal et al., 201Goldberg et a).2017;Leveltet al, 2018). Due to the fact
thatthe satellite scarareoftenat an angle relative to the local vertical, OMI actually calculates
slantedNO2 columns. Theeslant columnsre therconverted to vertical columns through
algorithmsusingair mass factors, which asefunction ofcloud coveyaerosol concentrations

and basic meteorological paramet@sldberg et al., 2017; Lamsal et al., 20L&velt et al.,
2018. TheOMI data usedTable 1)was level 2 (L2) ungridded datand was obiaed from
NASAOGs GES DI SC website:

https://disc.gsfc.nasa.gov/datasets?page=1&source=AURA%20Cfersto vertical

column data that has not been chan@ed filtered or gridied). The data files also include
variablessuch asloud fractions and track quality flags, which are used to filter the data
according taequirementsin order to ensure the quality of the da@aM| overpass pixelgith
cloud fractionvaluesgreaterthan 0.30andor quality control flaggreater than 1 were excluded

from the comparisond.evelt et al., 2018).

2.2.2 Sentinel5P TROPOMI

TROPOMI is aUV-visible spectrometdtike OMI) onES A6 s  S®Rrdcursore |
satellite(Table 1)that measuesolar backscatter and estimstetal column NQ (Loyola et al.,
2017; Griffin et al., 2019. The satellitavas launched itate 2017 ancpasses over the equator
once per day around 1300 UT€30 minutesarlier tharOMI6 s 0 v ©.Mhe adrsneshas
a nadirpixel resolution of about 3.7 kivy 7 kmfor NO> (Loyola et al., 207; Griffin et al.,

2019. TROPOMI is able taollect measuremenis theUV-visible (270G 500 nm), neamfrared

13
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(675 775 nm) and shortwave infrared (2308385 nm)spectraregions Loyola et al., 2017;
Loyola et al., 2018Griffin et al., 2019. This means that canprovideaccurateneasurements
of awide range of pollutanfsncluding NQ, ozoneg(Ozs), formaldehydgHCHO), andSulphur
dioxide (SC). Unlike with OMI, the NO, data anctertainquality control parameterg.@.cloud
fraction) come in separate fildSor quality assurangeatavalueswith cloud fractiongyreater
than 0.30and/orquality controlflagsgreater than 1 were excluded from the comparisons

(Loyola et al., 2018Griffin et al., 2019.

2.3PSI Column NO2 Measurements

Groundbasedotal columnNO; measurementsereobtained fronPSIspectrometer
instruments placed &MBC, GSFC, and HM(Table 1) The instrumenieasures solar
radiation from 28400 nm anctollects data roughly every two minut&SIlhas a spectral
resolution of about 0.6 nandhas an absolute error of ~0.05 DU and a precision of ~0.01 DU
when no clouds are presdhterman et al., 2009; Tzortziou et al., 20I)e datausedwas

obtainedfrom the Pandonia online archi{ettps://pandoniaet/data andconsists ofevel 3 (L3)

data that hae gone through pogtrocessing and spectral fittifinepp et al., 208; Kollonige et
al., 2018) The filesalsoinclude quality control parametefs.g.uncertainty and normalizedot
meansquarederror (RMS)), whichare used to filter for clouds and retrieval errémghis study,
data pointsvith uncertaintyandor RMS values greatethan 0.05 DU~1.3 x 16°
molecules/crf) were discarded in ordeto minimizeretrieval errorsandcloud effects(Tzortzou

et al., 2015Kollonige et al., 2018)

14
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2.4 Ancillary Data

2.4.1 Surface (InSitu) NO2 Measurements

In order to determine how well the satellites &&Imonitored trends in surface NO
pollution, we examinedime series oin-situ NO; data collectediuring OWLETS2 at each site
In-situ trace gas dataesecollected at HMby the Maryland Department of the Environment
(MDE), and data wrecollected at UMBC bycientistsrom both UMBC andNASA GSFC
Surface data at GSFCerecollectedby the NittanyAtmospheric Trailer and Integrated
Validation Experiment (NATIVE)which is a mobile atmospheric research trailer that contains
analyzers to measuresCO, and N@Q(Martins et al., 2012; Stauffer et al., 2015; Reed et al.,

2015)

2.4.2 UMD Cessna 402BR.ircraft NO2 Measurements

NOzdatac o | | e c t e d402B@essdaVaidcdativasemployedfor viewingvertical
profiles of pollutionon selected days. This aircraft colledtrace gas measuremebetween 0O
and 5km during OWLETS2. For this study, iecraft NO; measurements were analyzed within a
boxed domain (39.239.28N, 76.15/6.90W) that included HMI and UMB®/ore information

on the aircraft and missions can be obtainedtais://aosc.umd.edu/~flaggmd/?page id=4

2.43 LUFFT 15k Ceilometer and Ozonesondes

Measurementom a Lufft 15k ceilometer wreuseal for PBL/mixing layerheight
estimationsThis instrument usesstable wavelength, narrelme-width micrachip laser
operating at 1064 nto measuraerosol backscatter between 0 and 15 kkran also be used to
estimatecloudandaerosolayers (Delgado et al., 2018). Mixing layer heighesidual layer
heights, and cloud base heights weaiteulated externally using an algorithm developed by Dr.

15
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Vanessa Caicedo at UMB(Caicedo et al., 2017ror validation PBL heights were also

estimated using temperature profitemnerated from ozonesondes launched at UMBC.

2.4 4ERA-Interim Reanalysis Data

ERA-Interim reanalysis data was utilized for meteorological surface analyses during case
studies performed on 29 June and 30 June 2018. This allowed for us to examine the influences of
largescale meteorology atme distribution oNO: pollution. We $ed mean selavel pressure
(MSLP) and 10 meter windata for our analyses, and the data was obtainedtfrerBRA

Interim website https://www.ecmwf.int/en/forecasts/datasets/reanalyaiasets/ermterim

2.5 Satellite-PSI NO2 Comparisons

We comparedPSImeasurement® NO: retrievals from both OMI and TROPOMtor
OMI, singular points were created by averaging all overpass points within 25 km of the chosen
site at a given timd=or TROPOMI, allpoints within 3 km of the site were averaged due to the
i nstr ument atien. ASIicgume NQ measarenients +B0 minutes on either side of
the OMI and TROPOMI overpasses were averaged when the instruments wecatealin
orderto create a single valde usefor each compariso.hese comparisormly included
satellite ad PSldatathat werenot affected by clouds and/or retrieval erroFeeagreement
betweersatellite and PSk given agpercent differencesalculatedusing the formula: [|xk2| /
0.5*(x1+x2)[*100%. These percent differences were binned into intervals oftbQ3oduce
histograms ofhesatellitePSlagreement at each sifehis analysiss similar to those performed
in Reed et al. (2015), Tzortziou et al. (2018), Kollonige et al. (2018), and Thorapab

(2019).
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Chapter 3. Resultsand Discussion

3.1OMI -PSI Comparisons

When performing the OMPSIcomparisons, the number of point comparisons at each site
was limited due to the fact thiatostof the studydaystook place after the OWLETFS3 campaign
(which endedn 7 July 2018)For examplethe PSlinstrumentat HMI wasnot collecting data
for exterded periods of timafterearlyJuly 2018 OMI overpasses weiso limiteddue to
cloudcoverand retrieval errorslhus,we onlyhad 90OMI-Pandora coincidencesailable for
comparisonst UMBC; GSFC only had @ values(Figure 3. The HMI site onlyhad5 points
becauselouds were morprevalenin the northern part of the OWLETSregion during July.
Despite the limited number of points, the QRIBIcomparisons at GSFC were consistent with
results from previous studies. Specifigathe mean OMIPSIpercent difference for NQvas
19% atGSFC. In contrasthe mean percent difference at UMBC w#@%04 This isfar higher
thantheaverage offsetsbserved durin@WLETS 20Y. The explanation seems to thatthe
sites near Baltimore (UMBC and HMigcordedmnore NQ pollutionthanGSFC,asdetected by

both satelliteg(Figure 2),PSI(Figure 2) and insitu data (Figure 3)n addition, the OMI pixel

sizes were rarely smaller tha3x50 kn? during this time peod, suggesting hat OMI 0 s

footprint played a role in the disagreement at both dteth of these findings are consistent

with the OWLETS 2017 results.

3.2TROPOMI -PSI Comparisons

Whereadssues with clouds and retrieval errars still present with the TROPOMRSI
comparisonsessTROPOMIdatahad to baliscardedFor UMBC, there were5 satellite

Pandora coincidencdisat could be used faomparisonsGSFC had 2&alues As shown in

17
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Figure 4, TROPOMivasmoreeffectiveat captuing localized pollution plumes and gradients
than OMlpartly because of the smaller footprint, i.e. more nearly vertical coincidence with the
measurement sité\s a result, the satellieSIcomparisons using TROPOMI wegenerally
better at both sites than thgserformedwith OMI (Figure 5). Specifically, the mean
TROPOMLIPSIpercent difference at GSHEwithin 10% (9.4%), and the mean difference at
UMBC is within 28%. These resultshow hat the higher resolution of TROPOMI impratae
agreement with 81 by roughly a factor of twoAs with the OMI comparisons, the TROPGMI
PSlagreemerst are betteat the lesgolluted sit€s). Theoverall improvement in the percent
differences with TROPOMis evident in Figure @n additionto better agreemerthehigher
resolution data from TROPOMI is far better correlated Wi8ithan OMI (r = 0.8 with
TROPOMI versus r = 0.18 with OMI at GSFC),displayel in Figure 7 The pvalues from the
t-tests are all less than 0.001, whagmonstratethat there is statistical significance in the

comparisons.

3.3Case Studies

3.3.1 Case Study 1 (June 29, 2018)

June29was one of the few days duringettampaigrfor which OMIPSlagreement was
superior to TROPOMPSIlagreement. Specifically, TROPONRSIagreement at UMB@as
28% at 17:12 UTC. OMPSIlagreemenat UMBC an hour and a half later (18:46 UTC) was
17%. In contrastboth OMI andTROPOMIagreed witiPSIto within 5% at GSFC on this day.
In order to explain these differences, we considerfactors: (1) vertical mixing and (2) OBlls
pixel size and locatiorThe OMI and TROPOMI U\visible satellites are most sensitive to
pollution that is located aloff.hus, \ertical mixing can distributenoreNO- aloft and improve

satellitePSlIcomparisonsA surface pressure analysis1800 UTCshows that a weak high

18



pressure system was centered to the West of the region (Figure 8). Weak northwesterly flow
around tlis system transported urban N@ollution southwardrom Baltimore as shown in
Figure9. Ceilometer datat UMBC showshat the mixing layegrowsby about450 meters
between the two satellite overpasses (FigO)eThe growth of the PBL and mixing layer
throughout the afternods also evidenon temperature soundingfsat weregenerated from
ozonesonde data (Figuid). Between the two overpasses thircraft data show Nvalues

aloft increasg by 1-1.2 ppb aloft (Figurel2), which indicates vertical redistribution of the
pollution.On 29 Jung O Mdsdusionwasclose tothe nadir valug(~13x24 k) at the
overpassand goolluted pixel (~03 DU) wasobservedlirectly over UMBC(Figure9). At this

time, PSImeasured.35 DU of NQ at UMBC, which iswithin 15% ofwhat OMI measured.
Earlier in the dayPSlalso measuredbout 0.30 DU, but TROPOMI only measurédi2 DU at
UMBC (Figure9). Thus, it is likely that the redistribution of N@ollution by vertical nxing as
well as OMI b6s pixel | ocation and r e®8BllThet i on p
surface analyzsrecordechigher NQ pollution on this dayt UMBC (11 ppb at 17:12 UTC and
5.9 ppb at 18:46) thaaet GSFC (5.5 ppb at 17:12 UTC and 2.1 ppb at 18 &ddition,PSI

observed total column NQvalues that were about 0.1 DU higher at UMBC than at GSFC.
3.3.2 Case Study 2 (June 30, 2018)

On the30" of June, there wditle NO2 pollution atUMBC or GSFC(Figure 13) At 17:51
UTC, OMI-PSlagreement of B and30% were observed at UMBC ar@@SFGC respectively.
TROPOMIPSIlagreementvas far bettethan OMI-PSlagreemenon this dayat UMBC (16% at
18:35 UTC)andGSFC 8.4% at18:35 UTC). In addition, the TROPONHASIagreement at both
sites improved by roughly a factor of two from 16:53 UT6%3at UMBC and 18% at GSFC).

The surface pressure analysis at 1800 UTC indicates that thereggure system from the
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previousday hadstrengthened and moved almost directly over the region (Figyré&His is
evident in the weak southwesterly flow over the region (Figdyeafd the strongubsidence
inversion around 800 hPa at UMBC (Figuf).IThe ceilometer profilat UMBC (Figure B)
shows that the mixing laygrowsby about300 meters between the two overpasses, which
indicates that redistribution of N@hroughvertical mixing likely improved the satell#eSI
comparisonsThe ozonesonde temperature profiles also ihtistthe growth of the PBL and
mixing layer throughout the day (FigurB)1Besides the impact of mixin@MI 6 s poor
agreement 080 Junecanalsobe attributed to its pixel size, which wak3x55 knt across the
region In addition, the surface values wer8 ppb higher at UMBC, and thiSlItotal column
values were about 0.681 DU higher. Thus, the betteatellite PSlagreementvas again

observedht the cleaner site
3.4Discussion

The results from the OMPSIcomparisos are consistent witlthat was observed during
OWLETS 2017 Theresultsshowed that: (1¥leaner, lespolluted sites show better sateHRSI
agreement than the more polluted sites and (2) The sa8itsomparisons suffer the most
when OMI pixel sie exceedthe nominal minimum;13x24km. TROPOMI 6s hi gher
resolutiongenerallyallowedfor smaller offsetbetween satellite arflSINO> measurements
than are possible with OMOur analysediave shown thainder cloudfree conditionsNO-
measurements frothe newesatellite and®Slcanbe expected tagree within 10% andisplay

correlatiors greater thaf.50 Thisincreasesur confidencen satellitemeasuremesiof NO»
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pollution. The two case studiem 29 June and 30 JusbBowexamplesf cleaner sites
displayng bettersatellite PSlagreementVerticalmixing also plays an important roie the
comparisonsand satelliteePSIcomparisons can improve by a factor of toingthe day as

more NQ is mixed aloft.
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Chapter 4. Summary and Conclusions

We comparedotal column NQ measurements from two satellite instruments (OMI and
TROPOMI) with grounebased N@column measurements froRSlin the midAtlantic region
during summertime periods of varying pollution OWLETS 2017, & showedthatOMI-PSI
comparison®ften suffer due to theoarsegp i x e | resolution of OMI. How
resolution is nine times higher than OMI, and the reshitsv a significantimprovementin
both the OWLETS and OWLETF3 campaignsthe cleaner, lesgolluted sitegenerally showd
bettersatellitePSlagreementThat being saidf ROPOMI 6 s hi gher matshol uti o
up better withocalized pollution sourcemeasured by Pandora. Thikowed forTROPOM}
PSlagreement tagreewithin 10% at the cleaner site (9.4% averag@&3&FC).The case studies
were examined fo29 June and 30 Jui2®18 give some insights into haatellite PSI
agreement is better at the lgxsluted sitesIn addition they show that OMagreedetterwhen
thepixel size is smaller. Thiafluence of vertical mixing on satell#@éSlagreemenits illustrated
by the facthat comparisonsnprove by a factor of two during the periods whiea atmosphere
becomesnorewell-mixed. Overall, thesatellitePSlagreemenis improved by nearly a factor of
two with TROPOMIat both sites, anchuch bettecorrelations between satellite aR8|
measurements aeehievedr = 0.8 with TROPOMI versus r = 0.18 with OMI at GSE®)
addition to showing that higher resolution sigeinstruments can resolve localized NO
pollution, these results alsiemonstrat®Sb s abi | ity to provide accur g
measurements of growtased column N&Xor air quality nonitoring Going forward, these
results showhat TROPOMI will beuseful fordetectingocalizedpollutionin subsequertfield

campaigns.

22



References

Bucsela, E. J., Krotkov, N. A., Celarier, E. A., Lamsal, L. N., Swartz, W. H., Bharti® . K., é
Pickering, K. E. (2013). A new stratospheric
viewing satellite instruments: Applications to OMI. Atmospheric Measurement Techniques,

6(10), 26072626.ht t ps: / / doi . or g/ 10.5194/ amt 6 2607 201

Caicedo, V., Rappengliick, B., Lefer, B., Morris, G., Toledo, D., Delgad(2017).
Comparison of aerosol lidar retrieval methods for bountig/er height detection using
ceilometer aerosol backscatter d#tmos. Meas. Techl0, 16091622,
https://doi.org/10.5194/arit0-16092017.

Delgado, R., Demoz, B., Sperling, M., Sasser, C., Alfa, E., Glover, M., et al)(ZDV/LETS2
UMBC Remote Sensing Capabilities and Air Quality Resed@MLETS Science Team Meeting
Lecture presented at the OWLETS Science Team Meeting, Baltimore, MD: University of
Maryland, Baltimore County.

Duncan, B. N., Lamsal, L. N., Thompson, A. M., Yoshida, Y., LuZ . , Street s, D. G
Pickering, K. E. (2016). A space based, high
pollution around the world (2002014). Journal of Geophysical Research: Atmospheres, 121,

976 996. https://doi.org/10.1002/2015JD024121

FI ynn, C. M. , Pickering, K. E. , Crawford, J .

L. (2014) . Rel ationship between column densi't
O3andNO2daa from the July 2011 Maryland DI SCOVER
Environment, 92, 42941.https://doi.org/10.1016/].atmosenv.2014.04.041

Goldberg, D. L., Lamsal, L. N., Loughner, C. P., Lu,&Streets, D. G. (2017). A high
resolution and observationally constrained OMIJ¢@tellite retrieval. Atmospheric Chemistry
and Physics Discussiond,Z6. doi:10.5194/acR017219

Griffin, D., Zhao, X., McLinden, C. ABoersma, F., Bourassa, Rammers, E., et al. (2019).
High-resolution mapping of nitrogafioxide with TROPOMI: First resuland validation over
the Canadiawil sandsGeophysical Researdletters 46.
https://doi.org/10.1029/2018GL081095

Gurjar, B., Jain, A., Sharma, A., Agarwal., Gupta, P., Nagpure, A., & Lelieveld, J. (2010).
Human health risks in megacities due to air pollution. Atmospheric Environment, 44(36), 4606
4613. doi:10.1016/j.atmosenv.2010.08.011

Herman, J., Cede, A., Spinei, E., Mount, G., Tzortziou, M., & AbsdrasN. (2009). NO2

col umn amount s PSlaonnd gMFoDUONADS bsapseecdt r o met er s usi n
DOAS technique: Intercomparisons and application to OMI validation. Journal of Geophysical
Research, 114, D1330fttps://doi.org/10.1029/2009JD011848

Herman, J., Spinei, E., Fried, A., Kim, J., Kim, J., Kim, W., et al. (2018). NO2 and HCHO
measurements in Korea from 2012 to 2016 fR@ISpectrometer Instruments compared with
OM I retrievals and with aircraft measurements during the KORQSampaignAtmospheric
Measurement Techniques Discussjdii$0. doi:10.5194/ar201856

23


https://doi.org/10.5194/amt‐6‐2607‐2013
https://www.atmos-meas-tech.net/10/1609/2017/
https://www.atmos-meas-tech.net/10/1609/2017/
https://doi.org/10.1002/2015JD024121
https://doi.org/10.1016/j.atmosenv.2014.04.041
https://doi.org/10.1029/2009JD011848

Knepp, T., Pippin, M., Crawford, J., Chen, G., Szykman, h,§4a R. , ¢é Nei | , D. (
Estimating surface NO2 and SO2 mixing ratios
potential application to geostationary imissio
286https://doi.org/10.1007/s10874 013 9257 6

Kollonige, D. E., Thompson, A. MJosipovic, M., Tzortziou, M., Beukes, J. Burger, R,
Laakso, L. (2018). OMsatellite and grounlasedPSlobservations and their application to
surfae@ NOZ2estimations at terrestraid marine siteslournal of Geophysic&tesearch:
Atmospheres, 123, 14#1459.https://doi.org/10.1002/2017JD026518

Lamsal, L. N., Krotkov, N. A., Celarier, E. A., Swartz, W. Ri¢kering, K. E., Bucsela, E. J.,
Gleason, J. F., Martin, R. \WRhilip, S., Irie, H., Cede, A., Herman, J., Weinheimer, A.
SzykmanJ. J., and Knepp, T. N2014).Evaluation of OMI operationatandard NO2 column
retrievals using in situ and surfabased\NO2 observationsAtmos. ChemPhys., 14, 11587
11609 https://doi.org/10.5194/aep4-11587%2014, 2014.

Lamsal, L. N., Duncan, B. N., Yoshida, Y., Krotkdv. A., Pickering, K. E., Streets, D. G., &

Lu, Z. (2015). U. S. NO2 trends (20@D13): EPA air quality system (AQS) data versus

improved observations from the ozone monitoring instrument (OMI). Atmospheric Environment,
110, 130143.https://doi.org/10.1016/j.atmosenv.2015.03.055

Lamsal, L. N., S. J. Janz, N. A. Krotkov,K. E. Pickering, R. J. D. Spurr,M. G. Kowalewski, C. P.
Loughner,J. H. Crawford, W. H. Swartz, andJ. R. Herman (2017)tegtiutionNO2

observations from the Airborr@ompact Atmospheric Mappdretrieval and validationl.

Geophys. Res.Atmos.,122, 199970, doi:10.1002/2016JD025483

Lamsal, L. N., Martin, R. V., van Donkelaar, A., Steinbacher, M., Celarier, E. A., Bucsela, E
Pinto, J. P. (2008). Grourldvel nitrogen dioxide concentrations inferred from the satellite

borne ozone monitoring instrument. Journal of Geophysical Research, 113, D16308. https://doi.
0rg/10.1029/2007JD009235

Levelt, P. F., Joiner, J., Tamminen, J., Veefkind, J. P., Bhartia, P. K., Zweers, D. C., et al.
(2018). The Ozone Monitoring Instrument: overview of 14 years in spac@spheric
Chemistry and Physic48, 5699 5745. doi:https://doi.org/10.5194/a¢8-56932018

Loyol a, D. G., Garcza, S., Lut z, R. , Romahn,
O. (2017). The operational c¢cloud retrieval al
precursor. Atmospheric Measurement Techniques Discussid3, 1
https://doi.org/10.5194/ amt 2017 128

Loyola, D., Veefkind, P., Aben, I., VanRoozendael, M., Siddans, R., Richter, A., & Wagner, T.
(2018). Status of the operational Copernicus Senrfirfilecursor ...
https://metingorganizer.copernicus.org/EGU2018/EGU2098893.pdf. Accessed 31 March
2019

Lufft Ceilometer CHM 15k: A Passion for Precisiqmufft Ceilometer CHM 15k: A Passion for
Precision Carpinteria, CA: Lufft USA, Inc.
https://lwww.lufft.com/fileadmin/lufft.com/07_downloads/4_brochures/brochuffe-
CHM__04_2016_en.pdf. Accessed 31 March 2019

24


https://doi.org/10.1007/s10874‐013‐9257‐6
https://doi.org/10.1016/j.atmosenv.2015.03.055
https://doi.org/10.5194/amt‐2017‐128

Martins, D.K., Stauffer, R., Thompson, A.M., Pippin, M., Knepp, T.: Surface ozone at a coastal
suburban siten 2009 and 2010: Rafionships to chemical and meteorological processes. J.
Geophys. Res. 11005306 (2012). doi:10.1029/2011JD016828

Martins, D. K., Najjar, R. G., Tzortziou, M., Abuhassan, N., Thompson, A. M., & Kollonige, D.
E. (2016). Spatial and temporal variabilitygrbundand satellite column measurements of NO2
and O3over the Atlantic Ocean during the deposition of atmospheric nitrogen to coastal
ecosystems experiment (DANCE). Journal of Geophysical Research, 121(23)j 14,183.
https://doi.org/10.1002/2016JD0298

Reed, A. J., Thompson, A. M., Kollonige, D. E., Martins, D. K., Tzortziou, M. A., Herman, J. R.,

€ Cede, 2).Affectg o2 l0cal meteorology and aerosols on ozone and nitrogen dioxide

retrievals from OMI andPSIspectrometers in Maryland, USAdarg DI SCOVER AQ 201
Journal of Atmospheri482hiChemi stdgi . d2¢R814@)104a@%5,
9

Sentinel5P TROPOMI. (2018)European Space Agency
https://www.esa.int/Our_Activities/Observing_the Earth/Copernicus/Sesitidropomi.
Accessed 31 March 2019

Stauffer, RM., Thompson, A.M., Matrtins, D.K., Clark, R.D., Goldberg, D.L., Loughner, C.P.,
Delgado, R.Dickerson, R.R., Stehr, J.W., Tzortzidd,A.: Bay breeze influence on surface
ozone at Edgewood, MBuring July 2011. J. Atmos. Chem (2012). doi:10.1007/s10824
92416

Sullivan, J, T. Berkoff, G. Gronoff, T. Knepp, M. Pippin, D. Allen, L. Twigg, Bwap, M.
Tzortziou, A. Thompson, R. Staeff G. Wolfe, J. Flynn, S. Pusede Judd, W. Moore, B.
Baker, J. AlfSaadi, and T. McGee, 2018: The Ozone Whtard Environmental Transition
Study (OWLETS): An Innovative Strategy fAMERICAN METEOROLOGICALSOCIETY
Understanding Chesapeake Bollution Events. Bull. Amer. Meteor. Saini:10.1175/BAMS
D-18-0025.1, in press.

Thompson, A. M., Stauffer, R. M., Boyle, T. P., Kollonige, D. E., Miyazaki, K., Tzortziou, M.,
Herman, J. R., Jordan, C. E., Lamb, B. T. (20C®&mparison ohearsurface ND. pollution

with Pandoraotal column NQ duringthe KoreaUnited States Ocean Color (KORUS OC)
campaignJournal of Geophysical ReseaiicAtmospheresdoi: 2019JD030765

Tzortziou, M., Herman, J. R., Cede, A., & Abuhassan, N. (2012). High precisiotjtaltstal
column ozone measurements from B spectrometer system: Comparisons with data from a
brewer double monochromator and Aura OMI. Journal of Geophysical Research, 117(D16),
D16303.https://doi.org/10.1029/2012JD017814

Tzortziou, M., Herman, J. R., Loughner, C. P., Cede, A., Abuhassan, N., & Naik, S. (2015).
Spatial and temporal variability of ozone and nitrogen dioxide over a major urban estuarine
ecosystem. Journal of AtmosphericecCmi st ry, 1308.(3 4), 287

https://doi.org/10.1007/s10874 013 9255 8

25


https://doi.org/10.1007/s10874‐013‐9254‐9
https://doi.org/10.1007/s10874‐013‐9254‐9
https://doi.org/10.1029/2012JD017814
https://doi.org/10.1007/s10874‐013‐9255‐8

Tzortziou, M., Parker, O., Lamb, B., Herman, J., Lamsal, L., Stauffer, R., and Abuhassan, N.
(2018). Atmospheric trace gas (N@&d O3) variability in Korean coastal waters, 614

implications for remote sensing of coastal ocean color dynamics, Remote Sens., 2038710,
doi:10.3390/rs10101587.

Yang, W., & Omaye, S. T. (2009). Air pollutants, oxidative stress and human heat#tiaviu
Research/Genetic Toxicology and Environmental Mutagenesis,-@744%5 54.
doi:10.1016/j.mrgentox.2008.10.005

26



Figures

- R i ¢
Ellicott/City - =

. -

-

Figure 1. Geographic
region and important sites
for the OWLETS-2
“%everna Park campaign.
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Pandora 19 Total Column NO, UMBC Pandonia Online Archive:
http://pandonia.net/data
Pandora 30 Total Column NO, HMI Pandonia Online Archive:
http://pandonia.net/data/
Pandora 32 Total Column NO, GSFC Pandonia Online Archive:
http://pandonia.net/data
Total Column NO, and Cloud NASA DISC (Mirador) site:
Aura OMI fraction All sites https://mirador.gsfc.nasa.gov,
Sentinel-5P TROPOMI Total Column NO, and Cloud All sites NASA GES DISC site:
fraction https://disc.gsfc.nasa.gov/datasets/
Surface NO, Monitors In-situ surface NO, All Sites OWLETS-2 Archive:

https://www-air.larc.nasa.gov/cgi-
bin/ArcView/owlets.2018

LUFFT 15k Ceilometer Mixing Layer Height UMBC OWLETS-2 Archive:
https://www-air.larc.nasa.gov/cgi-
bin/ArcView/owlets.2018

UMD Cessna Aircraft In-situ/flight-level NO, UMBC and HMI OWLETS-2 Archive:

https://wwwe-air.larc.nasa.gov/cgi-
bin/ArcView/owlets.2018

Vertical temperature and dew UMBC OWLETS-2 Archive:

Ozonesondes point profiles https://www-air.larc.nasa.gov/cgi-
bin/ArcView/owlets.2018

Table 1: Summary of all instruments and data used in this study

27



0.45 GSFC Total Column NO;, Concentrations (July-Aug 2018)

@ OMITCNO: i . o
0.40 @ Pandora TC NO; (OMI) : - Mean: 19.0%

[=]
0.30-

7
¢
®

0.35

0.251 +
0.20-

0.151

Total Column NO>, (DU)

0.10+

0.051

0.00

Mean: 46.7%

®

) 289

Total Column NO, (DU)

@ OMITCNO;
@ Pandora TC NO; (OMI)

0704

FigurCGongpari son,doaft al & rNhobOn OMI and Pandora at (

El |l i pses ftrlegpoddayy en{ cl oud fraction >= 0.30), v
statistics.

28



OWLETS-2 Surface NO, Concentrations (June 2018)
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6/29/18 Aircraft NO, Profile (14:00-16:30 UTC)

6/29/18 Aircraft NO, Profile (18:30-21:00 UTC)
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UMBC Ceilometer Data on 20180630
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Supplementary Figures

OWLETS 2017 OMI-PSI TC NO, % Difference
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