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Method
Use the Sky measurements (Max-DOAS) taken at 6 equispacedazimuth angles to evaluate horizontal inhomogeneity.
Measurement Definitions
Å SCAN= set of subsequent pointing zenith angles measurements for a given pointing azimuth angle
Å SEQUENCE= set of SCAN measurement for 6 subsequent azimuth angles
Å SurfaceConcentration(SC)= NO2or H2O concentration estimated from a single SCAN, supposed to be representative for a 

horizontal conic volume of about 5 km, in mg/m3 units.The Pandora SC are given in ppb units,conversion to mg/m3 is based on 
the species molecular weight, and on 298.15 K and 1 atmosphere conditions

Å TroposphericConcentration= NO2or H2O concentration estimated from a single SCAN using Multi-Axes DOAS technique (Max-
DOAS), relative to a volume approximately covering the troposphere (0-10 km height), in Dobson Units(NO2) and cm (H2O) units

Å Vertical Column Density= NO2 or H2O vertical column concentration estimated from Direct Sun measurements using DOAS 
technique, in Dobson Units(NO2) and cm (H2O) units

Ellipse Definitions
Å Eccentricity= how much a conic section (circle, ellipse, parabola or hyperbola) departs from being circular
Å Rotation Angle= the angle between the major axis and 0 degrees relative to North clockwise
Å AreaҐ ǎǉǳŀǊŜ Ǌƻƻǘ ƻŦ ŜƭƭƛǇǎŜ ŀǊŜŀ ŘƛǾƛŘŜŘ ōȅ ˉΣ ƛΦŜΦ sqrtόŀǊŜŀκˉύΣ ŜǎǘƛƳŀǘŜ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ {ǳǊŦŀŎŜ ƻǊ ¢ǊƻǇƻǎǇƘŜǊŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

for a given sequence(the p value comes from the 2D integration of the ellipse and must be removed)

SEQUENCE detection method
Since 1st of November 2018, PAN#117operation schedule has been modified in order to perform sequences of Max-DOAS (Sky) 
measurement scans at 6 fixed pointing azimuth angles, i.e. 0, 60, 120, 180, 240and 300degrees North. 
For each scan, Surface and Troposphere NO2 and H2O 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 a SEQUENCEthe 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 temporal samplingof this type of 
ŀƴŀƭȅǎƛǎΦ ¢ƻ ƛƭƭǳǎǘǊŀǘŜ ǘƘƛǎΣ ƭŜǘΩǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ǇƻƛƴǘƛƴƎ ŀȊƛƳǳǘƘ ŀƴƎƭŜǎ ǿƛǘƘ лΣ мΣ нΣ оΣ пΣ р ŀƴŘ ǘƘŜ ŘƛǊŜŎǘ ǎǳƴ ƳŜŀǎǳǊŜƳŜƴǘs by D.
In practice, the operation schedule should look like this one:
5 л м н о п р 5 л м н о п р 5 л м н о п р Χ
If we impose the first azimuth to be 0 (i.e. 0 North), then the SEQUENCE pattern will be 012345; but if we impose the first azimuth to 
be 1 (i.e. 60 North), then the pattern will be 123450. Similarly, for first azimuth to be 2, the pattern will be 234501, and so on as 
shown below (first sequence in red, second in dark red).
Sequence type 1: D 0 1 2 3 4 5 D 0 1 2 3 4 5 5 л м н о п р Χ
Sequence type 2: D 0 1 2 3 4 5 D0 1 2 3 4 5 D0 м н о п р Χ
Sequence type 3: D 0 1 2 3 4 5 D0 1 2 3 4 5 D0 1 н о п р Χ
Sequence type 4: D 0 1 2 3 4 5 D0 1 23 4 5 D0 1 2 о п р Χ
Sequence type 5: D 0 1 2 3 4 5 D0 1 2 3 4 5 D0 1 2 3 п р Χ
Sequence type 6: D 0 1 2 3 4 5 D0 1 2 3 4 5 D0 1 2 3 4 р Χ
CƻǊ ŜŀŎƘ ǎŜǉǳŜƴŎŜ ǘȅǇŜΣ ǘƘŜ άǎŀƳǇƭƛƴƎ ǘƛƳŜέ ƛǎ ǘƘŜ ŀǾŜǊŀƎŜ ǘƛƳŜ ƻŦ ǘƘŜ ǎŜƭŜŎǘŜŘ Řŀǘŀ ƛƴ ŀ ǎƛƴƎƭŜ ǎŜǉǳŜƴŎŜΦ
By adopting this strategy and merging the results from all sequence types, we can increase the temporal samplingof the sequences 
to about 5 minutes.

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

1) Conversion from troposphere/surface data to pseudo coordinates
Being r the density and  F the azimuth angle for ithǎŎŀƴ ǿŜ Ŏŀƴ ŘŜŦƛƴŜ ǘƘŜ άǇǎŜǳŘƻ ŎƻƻǊŘƛƴŀǘŜǎέΥ
xi = r i sin(F i)
yi = r i cos(F i)
i Ґ лΣΧΣр όƛƴ ǘƘŜ ƻǊŘŜǊ ƻŦ ǘƘŜ ǎŜƭŜŎǘŜŘ ǎŜǉǳŜƴŎŜύ

2) Exclude in sequence one F valueand compute conic curve parameters using the remaining 5 points from the following formula:

ὼ ὦώ ὧὼώὨὼ ὩώὪ π
¢ƘŜ Ŧƛǘ ŎƻƴǾŜǊƎŜǎ ƛŦ ǘƘŜ ǇǎŜǳŘƻ ŎƻƻǊŘƛƴŀǘŜǎ Ŏŀƴ ōŜ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŀƴ ŜƭƭƛǇǎŜΣ ƛΦŜΦ ƛŦ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ŜŎŎŜƴǘǊƛŎƛǘȅ άŜέ ǾŀƭǳŜ ƛǎлҖe<1 
(0=circle, 1=parabola, >1=hyperbola).
¢ƘŜ άǎƛƴƎƭŜ ŜƭƭƛǇǎŜέ wa{ ƛǎ ŜǎǘƛƳŀǘŜŘ ŦǊƻƳ ƳŜŀǎǳǊŜŘ-retrieved point distances + original concentration uncertainties (quadratic sum 
of residuals).

оύ /ƻƴǎƛŘŜǊ ǘƘŜ b όмҖb Җ сύ ŎƻƴǾŜǊƎŜŘ Ŧƛǘ ǊŜǎǳƭǘǎ ǘƻ ŎǊŜŀǘŜ ǘƘŜ {9v¦9b/9 ŜƭƭƛǇǎŜΦ ¢ƘŜ ŜƭƭƛǇǎŜ ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ ŜǎǘƛƳŀǘŜŘ ŀǎ ǘƘŜ
ǿŜƛƎƘǘŜŘ ŀǾŜǊŀƎŜ ƻŦ ǘƘŜ άǎƛƴƎƭŜ ŜƭƭƛǇǎŜέ ǾŀƭǳŜǎΣ ǿƘŜǊŜ ǘƘŜ ǿŜƛƎƘǘǎ ŀǊŜ ǘƘŜ ƛƴǾŜǊǎŜ ƻŦ ǘƘŜ ǊŜƭŀǘŜŘ wa{ όƛΦŜΦ ƭŀǊƎŜǊ ŜǊǊƻǊǎ Ґ ǎmaller 
weight)

4) Compute the eccentricity and the rotation angle for the resulting average SEQUENCE ellipse

Ellipse fitting method part 2

The general of a conic section equation is 
ὥᴂὼὦᴂώ ὧᴂὼώὨᴂὼὩᴂώὪᴂπ

LŦ ǿŜ ŀǎǎǳƳŜ ǘƘŀǘ ŀΩґлΣ ŘƛǾƛŘƛƴƎ ōȅ ŀΩ ǘƘŜ Ŝǉǳŀǘƛƻƴ Ŏŀƴ ōŜ ǘǊŀƴǎŦƻǊƳŜŘ ƛƴǘƻΥ
ὼ ὦώ ὧὼώὨὼ ὩώὪ π

The eccentricity of an ellipse can be calculated from the curve parameters as:

Ὡ
ςρ ὦ ὧ

ʂρ ὦ ρ ὦ ὧ

²ƘŜǊŜ ʹ Ґ 1 or -1 if the determinant of the following matrix is negativeor positive.

ρ ϳὧς ϳὨς
ϳὧς ὦ ϳὩς
ϳὨς ϳὩς Ὢ

See https://en.wikipedia.org/wiki/Eccentricity_(mathematics)for details.

The eccentricity of an ellipse is not dependant on the area or the rotation angle of the curve, it only describes the divergenceof the 
curve from a perfect circle. This means that eccentricity values associated to different species and/or units can be directlycompared.

BAQUNIN sites in the context of Rome Municipality and Tiber Valley
Å URBAN: Atmospheric Physics Laboratory (APL) Physics Department of University Sapienza, Lat41.9017°, Lon 12.5158°, 75m a.s.l.
Å SEMI-RURAL:  Institute of Atmospheric Sciences and Climate (CNR-ISAC), Lat41.8403°, Lon 12.6475°, 117m a.s.l.
Å RURAL: Institute of Environmental Pollution (CNR-IIA), Lat42.1057°, Lon 12.6402°, 92m a.s.l.
[ƛǎǘ ƻŦ ŎǳǊǊŜƴǘƭȅ ŀǾŀƛƭŀōƭŜ .!v¦bLb ƛƴǎǘǊǳƳŜƴǘǎ ŀƴŘ ǊŜƭŀǘŜŘ ƻǇŜǊŀǘƛƻƴ ǎƛǘŜǎ όϝ Ґ άƳŀƛƴǘŜƴŀƴŎŜέύ

Instrument Network BAQUNIN Site Type Coverage
Pandora-2S PGN APL, CNR-ISAC, CNR-IIA Spectrophotometer Sunrise-Sunset (Moon)

CIMEL AERONET-EUROPE APL Sun-photometer Sunrise-Sunset

POM-PREDE EUROSKYRAD APL, CNR-IIA* Sun-photometer Sunrise-Sunset

Brewer MKIV EUBREWNET APL Spectrophotometer Sunrise-Sunset

LIDAR N/A APL Active Remote Sensing On demand (day/night)

MFRSR N/A APL Actinometer Sunrise-Sunset

Pyranometer N/A APL Actinometer Sunrise-Sunset

All-sky Camera N/A APL Imager 24 hours

Meteo station N/A APL In situ 24 hours

SODAR N/A APL Active Remote Sensing 24 hours

FTIR N/A APL* Fourier Transform Interferometer On demand

Ceilometer N/A APL* Active Remote Sensing 24 hours

Disdrometer N/A APL* In situ 24 hours

WRF N/A ESA-ESRIN Model 24 hours

Statistical analysis of 5 months of  NO2 and H2O ellipses (Nov 2018 ςMarch 2019)
SC= surface concentration; TC= tropospheric column
Red box: NO2, Green box: H2O

NO2 H2O

In the Urban environment of Rome, we observed that:
Å Pandora NO2 VCD, TC and SC are function of PBL wind speed (not of direction!)
Å TROPOMI NO2 VCD and TC are weakly dependant on PBL wind speed
Å TROPOMI-tŀƴŘƻǊŀ bhн ŘƛŦŦŜǊŜƴŎŜ ƛǎ άǇǊŜŘƛŎǘŀōƭŜέ ŦǊƻƳ t.[ ǿƛƴŘ ǎǇŜŜŘ ƳŜŀǎǳǊŜƳŜƴǘǎΗ

Pandora #117 (Nov 2018 ςMar 2019)
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Left panels: Probability Density Functions (histograms)  for estimated 
ellipses eccentricity and rotation angle as function of environmental 
conditions (time of day and SODAR-PBL wind speed).
The SODAR data have been averaged over the 100-300 m a.m.s.l. range

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)

Colour scale range from low (blue) to high (red) occurrences.

Right panel: orography of the 
Tiber Valley along with the 
position of the  BAQUNIN sites. 
The boundaries of the Rome 
municipality are also shown.

SODAR

A qualitative test was carried out using the TROPOMI
NO2 TC values (v1.2.2) to create a 2D TC field and
averagingthe TCvaluesalongsegmentsanchoredat APL
(0-360 degrees azimuth, 2 degree step), in order to
estimatethe horizontalinhomogeneityof the TCfield.
The map on the left showsthe TROPOMINO2 TCfield
(arbitrary colour scale), the position of the APL
laboratory (Pandora#117) and the limit distance over
whichthe averageisperformed(15km from APL).
Theright panelshowsthe TROPOMITCresults(red dots)
and the Pandoraellipsedata (blackdots, 11:00 ς14:00
UTCsensingtime) vs. azimuth. An offset of 0.17 Dobson
has been subtractedto the Pandoraresults for sakeof
readability.
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Figure 1 Left panel: ellipse shape for different eccentricity values. Centre panel: possible ellipse rotation angles (no displacement with respect to axis origin). 
Right panel: possible ellipse rotation angles in presence of a displacement.

Ellipse fitting method part 3

¢ƘŜ ŎƻǳƴǘŜǊ ŎƭƻŎƪǿƛǎŜ Ǌƻǘŀǘƛƻƴ ŀƴƎƭŜ ʰ ƻŦ ƻǳǊ ƎŜƴŜǊƛŎ ŜƭƭƛǇǎŜ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ŦƻƭƭƻǿǎΥ

ÃÏÔςɻ
ρ ὦ

ὧ
See: https://math.stackexchange.com/questions/426150/what-is-the-general-equation-of-the-ellipse-that-is-not-in-the-origin-and-rotate

¢ƘŜ ʰ ǾŀƭǳŜǎ ǊŀƴƎŜ ŦǊƻƳ л ǘƻ мул ŘŜƎǊŜŜǎΣ ŀǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ŎŜƴǘǊŜ ǇŀƴŜƭ ƻŦ CƛƎǳǊŜ мΦ
In case the ellipse is not centred in the origin of axes, we can use the coordinates of the barycentre of the ellipse as additional 
information in order to extend the rotation angle range to 0-360 degrees, as shown in the right panel of Figure 1. In this way we 
can solve the 180 degrees ambiguity intrinsic in the definition of the cot function.

Abstract
A simplebut effectivemethodfor the characterisationof tracegaseshorizontalinhomogeneityin atmosphericboundarylayerisproposed.
It is basedon Pandora-2SMaxDOASmeasurementstakenat 6 equispacedazimuthanglesand on the hypothesisthat the probedatmospheric2D field values
canbe roughlyapproximatedby anellipse. Theaimof this method is to expressthe horizontalinhomogeneitythrougha limited numberof parameters,suchas
a) the ellipseeccentricity,which is a measureof departurefrom perfect homogeneity; b) the ellipserotation angle,which indicatesthe direction of maximum
speciesconcentrationasa functionof the azimuthangle; c) the ellipsearea,whichisdirectly relatedto the speciesaverageconcentration.
Themainadvantagesof this methodare:
1) TheellipseάǎƘŀǇŜέparametersare independentfrom physicalunits, allowingfor the comparisonof resultsrelative to different speciesor concentration

types(e.g. surface,tropospheric,or columnar)andfacilitatinglongterm analysisof MaxDOASdata
2) Thepossibilityto infer concentrationvaluesfor azimuthangleswhichcouldnot be directlyaccessibledue to obstaclesin the observingfield of view at low

elevationangles,allowingfor a moreefficient setupof the maxDOASmeasurementschedulingresultingin a higheratmosphericsamplingfrequency
Themethod hasbeentested usingthe Pandora#117 MaxDOASmeasurementstaken betweenNovember2018and March 2019. ThePandorais operatedat
the AtmosphericPhysicsLaboratory(APL),located in the centre of Rome,in synergywith a number of atmosphericremote sensingand in situ instruments
composingthe urbancomponentof the BAQUNINinstrumentalsuite(seeTable1 below).
In this work, five monthsof άŜƭƭƛǇǎŜέNO2 andH2Opreliminaryresultsarepresentedanddiscussedin details.

Table 1: list of currently available devices composing the BAQUNIN instrumental suite

Given that for each sequencean ellipse is fitted, we can use the ellipse
polynomialto createάǎȅƴǘƘŜǘƛŎέconcentrationvaluesat anyazimuthanglefrom
0 to 360degrees.
Asa test, we usedthe completesetof ellipsesestimatedin the periodNovember
2018 to March 2019 to create synthetic NO2 SCsand TCsfor 0-360 azimuth
anglesand 2 degreesresolution. In this way, 180 syntheticvaluesare obtained
from the 6άǊŜŀƭέmeasurementstakenduringeachsequence.
Thetwo upperpanelson the right showthe resultsfor NO2 SCmeanvaluesand
relatedstandarddeviationsvs. azimuthandasfunction of the day-of-week(from
Monday to Sunday). Thetwo lower panelsrefer to NO2 TCellipses.
In all plots, the vertical dashedlines indicate the original Pandoraobservation
azimuth angles. As can be seen,the synthetic reconstructionseemsto be not
influencedby the relativelysmallnumberof observingangles.

As can be noticed, the SCand TCvaluesfollow a typical weekly evolution for
urbanareas(lower valuesandvariabilityduringweekend).

Of course,thesepreliminaryresultsmust be consideredwith cautionandshould
be validatedbeforeusingthem for anypurpose.

Mon TueThuWedFriSatSun

Example of daily evolution of NO2 TC (2019/04/01)
Å Upper panel: NO2 TC retrieved at 6 PAA (coloured dots) and  related ellipse 

area (squared crosses)
Å Centre panel: estimated ellipse eccentricity (blue, left y axis) and rotation 

angle (red, right y axis)
Å Lower panel: retrieved ellipses (pseudo-coordinates)

The ellipses are retrieved only if 6 available MaxDOASscans per sequence are 
available.

a) The rotation angle constantly drifts counter-clockwise from about 7:00 UTC
b) the eccentricity increases rom 0.4 to 0.8, then drops to 0.3 to rise again
c) The wind intensity (not shown here) was lower than 2 m/s until 11:00, then 

increased up to 4 m/s at 13:00
d) No clouds were detected during the whole day
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