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Characterisation of trace gases horizontal inhomogeneity in Urban atmosphere: a case study using Pandora sky
measurements in the context of the Boundaitgyer Air Quality Using Network diNstruments(BAQUNIN) Project

Stefano CasadipAnna Maria lannarelliMarco CacciahiMonica CampanelliMartin Tiefengrabe®, AlexanderCedé-5, GabrieleMevit and Enrico G. Cadau
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- Abstract
: A simplebut effectivemethodfor the characterisatiorof trace gasedhorizontalinhomogeneityin atmospheridooundarylayeris proposed
. . ) o It Is basedon Pandora2SMaxDOAS$neasurementdaken at 6 equispacedazimuthanglesand on the hypothesisthat the probed atmospheric2D field values;
3) CNRISAC To_‘r/ergata ViaFossalel Caval_lere 100-00133 (RM), Italy i can be roughlyapproximatedoy an ellipse Theaim of this methodisto expresshe horizontalinhomogeneitythrough a limited number of parameters,suchas.
4) LuftBlick Kreith39A, 6162 Mutter, Austria

i a) the ellipseeccentricity,whichis a measureof departurefrom perfecthomogeneity b) the ellipserotation angle,which indicatesthe direction of maximums

5)  Department of Atmospheric andryosphericSciences, University of Innsbruck, Innsbruck, Austria " speciexoncentrationasa function of the azimuthangle c)the ellipsearea,whichis directly relatedto the speciesaverageconcentration .
6) NASA Goddard Space Fligignter Greenbelt, MD 20771, USA P gle p y p g

) : : . Themain advantage®f this methodare:
7). SardegndlimaOnius ViaS.Sattdl - 08023Fonni(NU), ltaly :1) Theellipsed a K | pal8nietersare independentfrom physicalunits, allowing for the comparisonof resultsrelative to different speciesor concentration:
types(e.g. surface tropospheric,or columnar)andfacilitatinglongterm analysisof MaxDOA$lata
= 2) Thepossibilityto infer concentrationvaluesfor azimuthangleswhich could not be directly accessibl@ue to obstaclesn the observingfield of view at low ,
elevationangles allowingfor a more efficient setupof the maxDOAeasuremenschedulingesultingin a higheratmosphericsamplingfrequency :
- The method hasbeentested usingthe Pandora#17 MaxDOASneasurementgaken between November2018 and March 2019. The Pandorais operatedat =

- the AtmosphericPhysicd_aboratory(APL) Jocatedin the centre of Rome,in synergywith a number of atmosphericremote sensingand in situ mstruments:

Sardegna

1) SERCGpA C/o ESA/ESRIN, Via Galileo Galilei, OB@Rtat(RM), Italy ftefano.Casadio@esa.ji@tefano.Casadio@serco.chm
2) Physics Department Sapienza Univergitie Aldo Moro 2, 00185, Roma, Italy

Method

Use the Sky measurements (MBXOAS) taken at @quispacedazimuth angles to evaluate horizontal inhomogeneity.
Measurement Definitions

A SCAN: set of subsequent pointing zenith angles measurements for a given pointing azimuth angle

A SEQUENGEset of SCAN measurement for 6 subsequent azimuth angles . com_posmghg urban compgngntof the BAV\QAUNINhstr_urr_\entalsune (seeTablel below) . : :
A SurfaceConcentration(SC)= NO@r H20 concentration estimated from a single SCAN, supposed to be representative for a A ety A Ay et e s
horizontal conic volume of about 5 km,nmy/m3 units. ThePandora SC are given in ppb untisnversiornto mg/m3 is based on
the species molecular weight, and on 298.15 K and 1 atmosphere conditions Statistical analysis of 5 months of NO2 and H20 ellipses (Now20d&h 2019) Right panel: orographgf the \
A TroposphericConcentratior= NO2or H20 concentration estimated from a single SCAN using-#éts DOAS technique (Max SC= surface concentration;C= tropospheric column TiberValleyalong with the @
DOAS), relative to a volume approximately covering the troposphet® {mn height), irbobson UnitgNO2) anccm (H20) units Red box NO2,Green box H20 position of the BAQUNIN sites.
A Vertical Column Density NO2 or H20 vertical column concentration estimated from Direct Sun measurements using DOAS Theboundaries of the Rome .

technigue, inDobson UnitYNO2) anctcm (H20) units municipality are also shown.
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Ellipse Definitions

A Eccentricity= how much a conic section (circle, ellipse, parabola or hyperbola) departs from being circular

A Rotation Angles the angle between the major axis and@grees relative to North clockwise
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for a given sequencg@he p value comes from the 2D integratiari the ellipse and must be removed)
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Left panels: Probability Density Functions (histograms) for estimate
ellipses eccentricity and rotation angle as function of environmental
conditions (time of day and SODRBL wind speed).

TheSODAR data have been averaged ¢verl03300m a.m.s.l range
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SEQUENCE detection method

Since { of November 2018PAN#11operation schedule has been modified in order to perform sequences ofDAXS (Sky)
measurement scans at 6 fixed pointing azimuth angles), &), 120, 180, 240and 300degrees North.

For each scan, Surface and Troposphere NO2 and H20 concentrations are estimated along with related uncertainties. The|time
required to complete the six sky measurements and two direct sun measurements is about 30 minutes.
However, being SEQUENQGEe set of 6 subsequent scans, we can impose the first value of the pointing azimuth to be any of the
possible values and then searching for the subsequent 5. This implies that we can increase the teampoiragof this type of : . PHOEERIRT | - of oy -
FylFfearad ¢2 AffdzaGONIGS GKAaAX £S0Qa AYRAOIGS GKS dzDiyiaAy 3 1 Tiens:[UTC] Tine/{XTE] R Ct Befat T P3 RANBO ddzy YSI adzZNBYSYyi
In practice, the operation schedule should look like this one: M= = ol B — - - - ] = e . S,D.R _—

5 n M H o m p 5 n M H o n p 5 n M H o n p X =
If we impose the first azimuth to be 0 (i.e. 0 North), then the SEQUENCE pattern will be 012345; but if we imposezimautinsioa,
be 1 (i.e. 60 North), then the pattern will be 123450. Similarly, for first azimuth to be 2, the pattern will be 23456t parabs
shown below (first sequence in red, second in dark red).

Sequencetype 1:D01234PHD01234% n ™M H o n p X
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Upper row: Eccentricity vs. SODAR wind speed (U)
Middle row: Eccentricity vs. hour of day (UTC)
Lower row: Rotation Angle vs. hour of day (UTC)
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Colour scale range from low (blue) to high (red) occurrences.
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Sequencetype 2:D01234™D01234MDOM H o n p X e o e — | | == : P =

Sequence type 3:D012345D012345D01H o n p X e (e NO2 rme (1 © O Buia * TH20|C Rl e gt e

Sequencetype 4:D012345D012345D0120 n p X

Sequence type 5:D012315D012345D0123n p X Y ————— sun Given that for each sequencean ellipse is fitted, we can use the ellipse
Sequence type 6:D01234D012356D01234H4 X ] i o o ] A o o ] polynomialto created & & y (i BoSoéritr&liénvaluesat anyazimuthanglefrom
C2NJ SIFOK &aSIldz2SyO0S GelLlSs (KS dalyYLItAy3d GAYSE A& OUKS | @SNX3IS JAYS 2F GKS aSt SOGSR RFEOIF Ay | a@mfg%@(@gre@SSlj dzZSy OS @

By adopting this strategy and merging the results from all sequence types, we can increase the teamppliagof the sequences Asa test, we usedthe completeset of ellipsesestimatedin the period November
to about 5 minutes. 2018to March 2019 to create synthetic NC2 SCsand TCsfor 0-360 azimuth

anglesand 2 degreesresolution In this way, 180 synthetic valuesare obtained
from the 6 & NBrheiséirementsakenduringeachsequence

Thetwo upper panelson the right showthe resultsfor NO2 SCmeanvaluesand
related standarddeviationsvs. azimuthandasfunction of the day-of-week(from
Mondayto Sunday. Thetwo lower panelsreferto NQ2 TCellipses

In all plots, the vertical dashedlines indicate the original Pandoraobservation

Ellipse fitting method part 1
For each detected SEQUENCE, the following fitting strategy is adopted:

1) Conversion from troposphere/surface data to pseudo coordinates_ o o o § 5 o
Beingr the density andF the azimuth angle foi"a Ol 'y ¢S OlF'y RSTAYS UKS dalLJdaSdzR2 O22NRAYIlI 0Sacy

=1 . sin(,

;(',_ —r | cos(?) azimuth angles As can be seen,the synthetic reconstructionseemsto be not
| | | . . .

i nZSXsSp 6AYy GKS 2NRSNI 2F (KS aStS8O0GSR asSljdsSyoso influencedby the relativelysmallnumberof observingangles

2) Exclude in sequence ofie valueand compute conic curve parameters using the remaining 5 points from the following formula: As can be noticed, the SCand TCvaluesfollow a typical weekly evolution for
O M OO00h 00 O Tt urbanareas(lower valuesandvariabilityduringweekend)

¢KS FTALU O2y@gSNHBESa AT UKS LlASdR2 O22NRAyluSa Ol 0 SMNE LINS&ASY SR o0& | StfALASE APS® AT UKS NBadz GA SOOSyY UNRKOAUE |
(O=circle, 1=parabola i/l:hyperbola) y y B Y y “chourse theggprellmlnaryresyltsmustbe con3|dered/v|t£h cautlonan ho&da

CKS Gaiyafts StfALASE wetfieved pointiBstantes + drigiral canteRtrationyUdderiaimted Guadsatin be validatedbefore usingthem for anypurpose
of residuals).
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weight) averaginghe TCvaluesalongsegmentsanchoredat APL

(0-360 degrees azimuth, 2 degree step), in order to

(0p)) (/)>
I_ ;U<
v U
o
U» ¢
zZ U

©
N R
- U

S
(

QJ( (@)
b’f> O«
E71>CY
>a¢ ~h

4) Compute the eccentricity and the rotation angle for the resulting average SEQUENCE ellipse % estimatethe horizontalinhomogeneityof the TCfield.
: — - '
Ellipse fitting method part 2 APL > The map on the left showsthe TROPOMNQ2 TCfield
S (arbitrary colour scale), the position of the APL
The general of a conic section equation is é laboratory (Pandora#117) and the limit distance over
Haebhmde OedededOs ) TROPOMI whichthe averages performed(15 km from APL)
LF 65 laady$s GKHG FQrns RAGARAYI 08 +Q GKS Sldd Gaz2y Oy 65 (NIyaF2N¥SR Ayid2y PAN#117 Ellipses Theright panelshowsthe TROPOMI Cresuits(red dots)
O OGO G OGO T and the Pandoraellipse data (blackdots, 11:.00 ¢ 14:00
The eccentricity of an ellipse can be calculated from the curve parameters as: UTCsensingtime) vs. azimuth An offset of 0.17 Dobson
= = has been subtractedto the Pandoraresults for sake of
0 p®) o readability
s @ Vi ®)
2 K S NBL or-1ifEhe determinant of the following matrix isegativeor positive vo _ TROPOMI (red) and PAN#117 (blue) NO2 VCD vs. wind intensity
Q 6 ° TROPOMI = 0.38(1.10)xU—0.29(0.07)]
(ijc (k}wc Q 2 =12 . 5 PAN#117 = 0.95(0.10)xU4—0.46(0.07)
Q¢ Q¢ Q S oo N
0.4 — vt |
Seehttps://en.wikipedia.org/wiki/Eccentricity (mathematicf)r details. , e R —
. - - . . - - 0 1 2 3 4 5 U[r?\/s] 7 8 9 10 1 12
The eccentricity of an ellipse is not dependant on the area or the rotation angle of the curve, it only describes theckrte  TROPOM (red) and PANF117 (blue) NO2 TCD vs. wind intensity
curve from a perfect circle. This means that eccentricity values associated to different species and/or units can beaimeatsd. *°
- — 1.6 TROPOMI = 0.31{1.18)xU—0.44(0.10)1.
Ellipse fitting method part 3 Lo T
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See https://math.stackexchange.com/questions/426150/whistthe-generatequation-of-the-ellipsethat-is-not-in-the-origin-and-rotate

¢KS " @FtdSa NIy3IS FNBY n (2 myn RSINBSAIT Fa aK26y Ay (KS OSyinNd LiRpserasdly (Nevw28Igig20lg)e
In case the ellipse is not centred in the origin of axes, we can use the coordinates of the barycentre of the ellips®iaaladdi
information in order to extend the rotation angle range t860 degrees, as shown in the right panel of Figure 1. In this way w
can solve the 180 degrees ambiguity intrinsic in the definition ottitéunction.
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In the Urban environment of Rome, we observed that:

Flipse S'}gg’ri;";ﬁggjr‘tejf centriclly Eléfs Zirsogfaﬂ:oe?nir;%les (iﬁg:Ejfnéoé?;'&gf;ﬂ:ﬁt) A Pandora NO2 VCD, TC and SC are function of PBL wind speed (not of direction!) ., . . g§; s el
A TROPOMI NO2 VCD and TGaaraklydependant on PBL wind speed T " IPE | | | L
A TROPOMI ' YR2N} bhH RAFTTFSNBYOS Aa GLINBRAOUGT 0f S%E FTNRBY® t4 7 6AYyR '4aLISSR| YS!
BAQUNIN sites in the context of Rome Municipality and Tiber Valley
A URBAN Atmospheric Physics LaboratoAPl) Physic®epartment of University Sapiendagt41.9017, Lon 12.5158 75ma.s.!
A SEMIRURAL Institute of Atmospheric Sciences a@timate CNRISAQ, Lat41.8403, Lon 12.647% 117ma.s.|
A RURALInstitute of EnvironmentaPollution CNRIIA), Lat42.1057, Lon 12.6402 92ma.s.|
[ A&d0 2F OdaNNBydGte FSFAflro6tS . 1v!bLb AyadNHzySyda FyYyR NBfF{iISR 2L
Table 1: list of currently available devices composing the BAQUNIN instrumental suite
Figure 1 Left panel: ellipse shape for dif_ferent eccentrici_ty valu_es. Centr_e panel: pc_)ssible ellipse rota_tion anglel@amdigpwith respect to axis origin). Instrument Network BAQUNIN Site Type Coverage
Right panel: possible ellipse rotation angles in presence of a displacement. Pandorass PCN APL_ CNISAC. CNRA Spectrophotometer SunriseSunset (Moon)
CIMEL AERONEEUROPE | APL Sunphotometer SunriseSunset
PAA0 60120 300 _ _ POMPREDE EUROSKYRAD | APLCNRIIA* Sunphotometer SunriseSunset
Exaurggle? Satndezli'lllil/c()a;/ gl(lljtrlgtrr]iec\)/feE 226 -IF:(A:\A( %(?ollc?é?et/%QS) and related elljpse Brewer MKV EUBREWNET APL Spectrophotometer SunriseSunset
area (squaréd crosses) LIDAR N/A APL ActiveRemote Sensing On demand (day/night)
A Centre panel: estimated ellipse eccentricityug, left y axis) and rotation MFRSR N/A APL Actinometer SunriseSunset
angle (ed, right y axis) Pyranometer N/A APL Actinometer SunriseSunset
A Lower panel: retrieved ellipses (pseudoordinates) All-sky Camera | N/A APL Imager 24 hOUrS
The ellipses are retrieved only if 6 availaMaxDOAScans per sequence are Meteo station N/A APL In situ 24 hours
available. SODAR N/A APL ActiveRemote Sensing 24 hours
FTIR N/A APL* FourierTransform Interferometer Ondemand
a) The rotation angle constantly drifts countelockwise from about 7:00 UTC (T,ellometer VA APL® ActllveRemote Sensing 24hours
b) the eccentricity increases rom 0.4 to 0.8, then drops to 0.3 to rise again| Disdrometer N/A APL* Insitu 24 hours
c) The wind intensity (not shown here) was lower than 2 m/s until 11:00, then WRF N/A ESAESRIN Model 24 hours
increased up to 4 m/s at 13:00
d) No clouds were detected during the whole day Acknowledgments

TheBAQUNINreamis gratefulto PandoniaGlobalNetwork team (http://pandonia-globatnetwork.org/) for the invaluablesupport
In the Pandora#117 operationsandfor the scientificdiscussionselatedto Pandoradatainterpretation andanalysis
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