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1. Purpose of the document
The purpose of this document is to provide a complete description of the work done during the
second ESA study titled Airborne ROmanian Measurements of Aerosols and Trace gases (AROMATII), which was comprised of three field campaigns held in Romania and Germany in 2015 and 2016. It
provides a comprehensive overview of thecampaigns including their contexts and objectives, a
description of the instrumental set-up, the activities performed and the main results achieved. The
applied methods for data unpacking, formatting and calibration, data quality analysis and data
processing for scientific analysis and the generation of data products are also clearly described.
Furthermore, examples of processed data are provided in the form of an in-depth data analysis for
the three measurement sites Bucharest, Turceni, and Berlin, describing the measured geophysical
parameters and presenting comparisons with available satellite products including simulations for
Sentinel-5-Precursor (S5P) validation. Lastly the lessons learned during AROMAT-II are presented to
be taken into account during follow-up activities and campaigns in Romania or Berlin.

2. Introduction to the AROMAT-2 activity
The first Airborne ROmanian Measurements of Aerosols and Trace gases (AROMAT) campaign was
held in Romania during the first two weeks of September 2014. Its primary objectives were to test
newly developed airborne instruments dedicated to air quality in the context of satellite validation.
Two airborne imaging DOAS were operated, namely the AirMAP (Uni. Bremen) and SWING (BIRA),
the former from the FUB Cessna and the latter from a flying wing UAV developed by the Uni. Galati
and its spin-off Reev River Aerospace. KNMI NO2sondes were also launched on weather balloons,
andcommercial aerosol particle sizers tested onboard of the INCAS UAV. Note that the Cessna also
carried the FUBISSsunphotometer which measured extinction profiles. In parallel with these
airborne operations, atmospheric ground-based instruments were active during the two weeks of
the campaign, in particular the INOE lidarsand in-situ gas monitors, but also car-based DOAS systems
(MPIC, UGAL, MPIC). The AROMAT data acquisition focused on two geophysical targets: Bucharest
and the areas of the large power plants (Isalnita, Turceni, Rovinari) of the Jiu Valley, 200 km west of
Bucharest.NO2 emissions from both of these areas can be detected using current nadir UV-Vis
satellite instruments, in particular OMI.
AROMAT was successful in that all planned airborne, balloon and supporting ground-based
observations could be realized leading to the generation a large data set of promising NO 2 and
aerosol measurements. It called for a follow-up to carry on and improve our knowledge of the
geophysical fields in Romania in the perspective of future satellite validation activities in the country.
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The AROMAT consortium wanted to fill several gaps :1) targeting more chemical species (SO2, H2CO
in addition to NO2 and aerosols), 2) performing longer flight patterns for the AROMAT-1 UAV-based
instruments and for FUBISS, 3)testing of ground-based imaging systems for NO2 and SO2, 4) adding
airborne platforms (INCAS BN-2, Uni. Galati ultralight aircraft, DLR-Do-228)and related experiments
(such as the VITO APEX, the Uni. Galati nadir DOAS experiment, or the intercomparison studies
between the KNMI sonde with a commercial NO2 monitoring systemonboard the BN2). From a
practical perspective, it was also important to carry on testing the logistic aspects on the two
Romanian sites, and getting more operational with the flight approvals for foreign research flights at
the Romanian Civil Aeronautic Authorities.
The aforementioned activities were performed during three airborne campaigns in 2015 and 2016.
Two of these campaigns (AROMAT-2, AROMAT-2016) took place in Romania, while a third one took
place in Germany (AROMAPEX).
AROMAT-2 was held in Bucharest and the Jiu Valley during the second half of August 2015. It
involved the same scientific teams and instruments as deployed during AROMAT-1, to which was
added NILU, operating ground based SO2 camera in Turceni. A BIRA-operated ground based NO2
camera (the ALTIUS bread board) was also operated in Turceni.SWING was installed onboard the
FUB Cessna alongside AirMAP, while the NO2sonde was operated onboard the INCAS BN-2, alongside
the BIRA CAPS (a NO2 in-situ system) and the INCAS/INOE in-situ instruments (PICARRO,
nephelometer, aerodynamic particle sizer).Although the flight approvals were harder to get than
expected, AROMAT-2 led to a very interesting dataset with continuous golden days (different for
each instrument) between August 24th and 31st, 2015.
AROMAPEX was held in Berlin between April 11th and 21st, 2016. When planned, this experiment
was to supposed to be performed in Romania during AROMAT-2 and involved simultaneous flights
between the FUB Cessna, carrying AirMAP and the DLR Do-228 carrying the APEX, aiming to
intercompare the two atmospheric imagers. Note that AROMAPEX was partly funded through a
EUFAR Transnational Access proposal submitted by INCAS. In the end, we were not able to fly in
Romania due to our inability to get the flight approvals in time, but we could add to the FUB payload
SWING and Spectrolite (a space-based instrument model from TNO/TU Delft) from the FUB Cessna.
These 4 airborne imagers were successfully operated during 2x2 Cessna/Do-228 flights, during the
golden day of 21 April 2016. AROMAPEX data acquisition also includes the ground-based
measurements at FUB (Cimel, ceilometer…) and mobile DOAS observations from three different car
platforms.
Finally, the remaining planned flight hours of the BN-2initially planned for AROMAT-2 were used
during a campaign around Bucharest, AROMAT-2016, which was held on May 30th-31st and June 1st,
2016. This campaign focused in Bucharest and particularly the INOE observatory in Magurele, where
a new ground-based DOAS instruments (PANDORA-2S) had been installed after AROMAT-2. The
instrumental set-up on the BN-2 was similar to the one deployed in AROMAT-2015, at the exception
of the NO2sonde, which was not operated in AROMAT-2016. As for the other AROMAT campaigns,
mobile DOAS measurements were performed in parallel with the airborne acquisition.
This report describes the AROMAT-2, AROMAPEX, and AROMAT-2016 campaigns. Section 3 presents
the instrumental set-up , Section 4 describes the data analysis for each instrument, and Section 5
presents the data format for the different products in the AROMAT database. Section 6, 7, and 8
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respectively presents the measurements done during the three campaigns by chronologic order.
Section 9 collects the AROMAT findings related to satellite validation studies in Romania and Berlin.
Finally, Section 10 summarizes and lists the most important lessons learned during the AROMAT
activity.
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3. Instrumental set-up
3.1 Short overview of the platforms and instruments used
AERIAL AND GROUND PLATFORMS USED
PLATFORM
BN2 B-26 aircraft

OPERATOR
INCAS

Cessna 207Taircraft

FUB

Dornier 228 D-CFFU

DLR

Apollo Fox ULM

UGAL

Atmoslab-UAV

INCAS

UAV-RRA

RRA

Mobile lab

INOE

CAR MAX-DOAS

MPIC

CAR MAX-DOAS

BIRA

CAR ZENITH-SKY

UGAL

ISA MAX-DOAS

IUP
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INSTRUMENTS AND OPERATORS INVOLVED
Instrument

Operator

AROMAT-

AROMAPEX

AROMAT-

2015

2016

2016

AIRBORNE IN-SITU MEASURMENTS
Aerodynamic Particle Sizer INCAS

Integrating Nephelometer
INCAS

PICARRO
INCAS

CAPS
BIRA

NO2 sonde
KNMI

AIRBORNE REMOTE SENSING MEASUREMENTS
U. Berlin


IUP


BIRA


BIRA

VITO

TNO

UGAL

GROUND BASED REMOTE SENSING MEASUREMENTS
UV scanning
INOE

depolarizationLidar -MILI
PANDORA
INOE
Mobile MAX-DOAS
BIRA


Mobile MAX-DOAS
MPIC

Zenith-Sky Mobile DOAS
UGAL


SO2 cameras
NILU
INOE
ALTIUS
BIRA

Multiwavelength Raman
INOE

lidar - RALI
ISA MAX-DOAS
IUP

Ceilometer CHM-15k
FUB

Aeronet-station
FUB

Microtops
FUB

FUB ADSB-station
FUB







FUBISS-ASA2
AirMAP
SWING
SO2 camera
APEX
Spectrolite
ULM DOAS

GROUND BASED IN-SITU MEASUREMENTS
In-situ Gas analyzers
INOE

Sun-lunar photometers

INOE

Atmospheric parameters

INOE

Berlin Air quality
monitoring network

City of
Berlin
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3.1.1 Near surface instruments
3.1.1.a Aerosol Chemical Speciation Monitor (INOE)
Measurement principle: sampled submicronic aerosols are vaporized and detected by an electron
impact quadrupole mass spectrometer; an automated zeroing system is implemented, using the
naphthalene filter (Ng et al., 2011; Petit et al., 2015).
Known issues: the ACSM uses sampling technique near to the ground; information extracted from
this instrument generally describes locally-produced aerosols; in some particular meteorological
conditions, particles from elevated layers may reach the ground and be sampled by the ACSM
Species measured: aerosols
Parameters delivered: 30 min average mass concentrations of particulate Organics, Sulfate, Nitrate,
Ammonium and Chloride

3.1.1.b Aethalometer (INOE)
Measurement principle: measurement of optically-absorbing ‘Black’ or ‘Elemental’ carbon aerosol
particles using the dual spot technology.
Known issues: instrument is analyzing simultaneously the light absorption by aerosol deposits
collected on 2 spots in parallel at different loading rates. Mathematical combination of data yields
Black Carbon result independent of ''spot loading effects'' and provides additional information about
aerosol composition.
Species measured: aerosols
Parameters delivered: 1 min concentrations of Black Carbon for fossil fuel and wood burning
3.1.1.c Gas analysers (INOE)
Measurement principle: The gas analysers measure gas concentrations using classical methods such
as the cross-flow modulated semi decompression chemoluminiscence method (for NOx monitor), UV
fluorescence (SO2 monitor), non-dispersion cross modulation infrared analysis method (CO monitor),
ultraviolet absorption method (O3 monitor), cross-flow modulated selective combustion type
method combined with a hydrogen ion detection method (THC monitor) and gas filter correlation
spectroscopy (CO2).
Known issues: The instruments require periodic zero/span calibrations to ensure the quality of the
data. Another issue that could affect the data is related to the instrument response time. According
to the measured species, the gas analysers have different response times related to the
measurement principle. For the CO monitor, the response time is within 50 seconds at the lowest
range (LR), the SO2 monitor has a response time within 120 seconds LR, the NO2, NO monitor has a
response of 90 seconds LR, for the THC monitor the response time is within 60 seconds and the time
response for the ozone monitor is 75 seconds. These response times can affect fast changing
concentrations of ambient gas detected by the instrument.
Species measured: CO (0-100ppm), SO2 (0-0.5ppm), NO, NO2 (0-1ppm),CH4, NMHC, THC (0-50ppmC),
O3 (0-1ppm)
Parameters delivered: the primary parameter measured by the instrument is the concentration of
one or several gas species within the ppb-ppm range.
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3.1.2 Airborne in-situ measurements
3.1.2.a Aerodynamic Particle Sizer (INOE)
The Aerodynamic Particle Sizer provides the diameter of particles using time-of-flight technique on
0.5-20 μm particles, measured in an accelerating flow field with a single high speed timing processor.
Simultaneously, a light scattering technique is used to detect particles between 0.37 and 20 μm. The
Aerodynamic Particle Sizer Spectrometer can measure from 0.5 to 20 μm by aerodynamic sizing and
0.37 to 20 um by optical detection. The instrument was installed on the INCAS BN2 for air-borne insitu measurements around Bucharest.

Figure 3.1: The INOE Aerodynamic Particle Sizer which has flown on the INCAS BN2

3.1.2.b Integrating Nephelometer (INCAS)
The TSI integrating nephelometer, model 3563, is used to measure with high accuracy both total and
backscatter signals of aerosols at three wavelengths: 450 nm (blue), 550 nm (green) and 700 nm
(red). Having incorporated temperature and pressure sensors and high vacuum integrity with
additional option of selecting the averaging time and varying the flow rates from 20 to 200 L/min,
this instrument shows good efficiencies for both short and long-term measurements of aerosol
optical properties related to climate, air quality, visibility, ensuring sensitivities of 10-7 m-1 (for blues
and green wavelength at 60-sec averaging time) and 3 X 10-7 m-1 (for red wavelength at 60-sec
averaging time).

Figure 3.1: TSI integrating nephelometer, model 3563
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3.1.2.c PICARRO (INCAS)
The Picarro gas analyzer, model G2401-mc, provides simultaneous and continuous measurements of
four most common greenhouse gases: water vapors, carbon monoxide, carbon dioxide and
methane. Based on near–infrared cavity ring down spectroscopy technology, the analyzer has
implemented a highly stable temperature and sample pressure control and a patented wavelength
monitor which provides a good control of laser’s wavelength, and thusveryaccurate measurements
of targeted species. By tuning the laser with a known wavelength (generally the specific absorption
wavelength of the targeted gas) for quantifying the spectral features of gas phase molecules in an
optical cavity (including three mirrors of 99.9% reflexivity) and by using a sophisticated algorithm,
the voltage decay in time is recorded and by employing improved electronics, the concentration
profiles are displayed in real time. Therefore, sensitivities down to parts-per-billion (ppb) with
negligible drift are reached.

Figure 3.2:a.The Picarro gas analyzer G2401-mc model; b. The working principle of Picarro gas analyzer

3.1.2.d NO2CAPS (BIRA-IASB)

The Cavity Attenuated Phase Shift (CAPS) nitrogen dioxide (NO2) AS32M monitor from Environment
S.A. measures the NO2 volume mixing ratio using its broadband absorption in the blue and the CAPS
principle (Kebabian, 2005). Figure 3.4 presents a schematic of the CAPS set-up and its measurement
principle. In practice, the square wave modulated light from a blue LED passes through an
absorption cell (cavity) and is detected as a distorted wave form, which is characterized by a phase
shift with respect to the initial modulation. The amount of that phase shift is a function of fixed
instrument properties—cell length, mirror reflectivity, and modulation frequency—and of the
presence of a scattering targets or absorbers (air, particles, trace gases, etc.) within the cavity.
The AS32M is enclosed within a standard 19 inch (see Fig.3.5) rack-mounted instrumentation box,
weighs 12.5 kilograms, and uses 225 Watts of electrical power including the vacuum pump (1 L/min).
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During airborne operations, the data were recorded at a high frequency (1 point/sec) on a usb key
plugged in the back of the instrument rack.

Figure 3.4: Left: Schematic of the CAPS analyser. Right: Illustration of the phase shift due to the absorber (from
Kebabian, 2005).

Figure 3.5: The Environment S.A. AS 32M CAPS NO2 analyser.

The calibration of the CAPS NO2 zero was done several times during the AROMAT/AROMAPEX
campaigns. This was done using the standard procedure, i.e. switching from the main inlet to an
activated carbon filter which reduces the vmr of NO2 under the detection limit.

3.1.2.e NO2 sonde (KNMI)
The NO2-sonde has been measuring vertical NO2-profiles flying on board of a BN-2 research aircraft
from INCAS conducting seven flights including one test-flight taking off from an airfield in Strejnic.
Please consult chapter 3 paragraph d for more information on the airfield, the aircraft and its
instrumentation on board or chapter 2 paragraph for more information on the BN-2 platform.
The NO2 sensor’s measurement principle is based upon the chemical reaction between Nitrogen
dioxide and Luminol. This is a chemiluminescent reaction that produces a faint blue light. The
reaction chamber contains Luminol dissolved in (alkaline) water. Ambient air is pumped through a
Teflon pump, and bubbled through the sensing solution. The light that is produced by the reaction is
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detected by an array of photodiodes that is glued to the reaction chamber. The electric current from
the photodiodes is converted into a voltage with a highly sensitive operational amplifier (OPAMP),
and passed through a filter that removes high frequency fluctuations.

Figure 3.6: left: Schematic overview of the measurement principle behind the KNMI NO2-sonde. right: Overview
of NO2-sonde components normally inside of a black cardboard and a Styrofoam box painted black on the
inside during measurement.

3.1.3 Airborne remote sensing measurements
3.1.3.a FUBISS-ASA2 (U. Berlin)
The airborne spectrometer system FUBISS-ASA2 provides simultaneous measurements of the direct
solar irradiance and the aureole radiance in two different solid angles. The high resolution spectral
radiation measurements are used to derive vertical profiles of aerosol optical properties. Combined
measurements in two solid angles provide better information about the aerosol type without
additional and elaborated measuring geometries. It is even possible to discriminate between
absorbing and non-absorbing aerosol types. Furthermore, they allow to apply additional calibration
methods and simplify the detection of contaminated data (e.g. by thin cirrus clouds). For the
characterization of the detected aerosol type a new index is introduced which is the slope of the
aerosol phase function in the forward scattering region. The instrumentation is a flexible modular
setup, which has already been successfully applied in airborne and ground-based field campaigns.

Page17 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Figure 3.7: Aircraft installation of FUB ISS-ASA2

During this campaign we are aiming to provide AOD (Aerosol Optical Depth) profiles in the vicinity of
the measurement area Bucharest and the discrimination between background and tropospheric
AOD.
3.1.3.b AirMAP (IUP)
The Airborne imaging differential optical absorption spectroscopy (DOAS) instrument for
Measurements of Atmospheric Pollution (AirMAP) has been developed for the purpose of trace gas
measurements and pollution mapping [RD-7 Schönhardt et al.] and was operated on the FUB Cessna
207 Turbo.
The AirMAP is a push broom UV/vis imager with a wide field-of-view of around 51°, leading to a
swath width of about the same size as the flight altitude. The measurements yield ground spatial
resolutions better than 100 m. From a maximum of 35 individual viewing directions (lines of sight,
LOS) represented by 35 single fibers, the number of viewing directions is adapted to each situation
by averaging according to signal-to-noise or spatial resolution requirements. The spectrometer is an
Acton 300i imaging spectrograph with a focal length of 300 mm, and a f-number of f/3.9. It is
equipped with a 400 g/mm grating blazed at 300 nm, and enables measurements of the incoming
light in the visible wavelength range of currently 429-492 nm, and in its alternative UV setup of 304367 nm. The spectrometer is temperature stabilized at 35 °C. The spectra are analyzed using
Differential Optical Absorption Spectroscopy (DOAS).The instrument measures spectra of scattered
sunlight, on which the DOAS method is applied to derive columns densities of trace gases. The
wavelength region of the selected spectra can be chosen according to the chemical species of
interest, with a spectral coverage of 63nm.
3.1.3.c SWING (BIRA)
The SWING payload is a compact DOAS whiskbroom imaging system developed at BIRA in
collaboration with UGAL and designed to be operated from an Unmanned Aerial Vehicle (UAV)
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(Merlaud et al., 2013), as was done during AROMAT-1. During AROMAT-2, SWING was operated
from the FUB Cessna, together with the UniBremen AirMAP.

Figure 3.8: The SWING payload (black box on the left) onboard the FUB Cessna during the campaign. The SO2
camera and the input optics of the AirMap instrument are also visible on the right.

The instrument is based on an AVANTES compact ultra-violet visible spectrometer (75 mm focal
length, 50 microns slit, and 1200l/mm) and a scanner to achieve whiskbroom imaging of the trace
gases fields (NO2 and SO2). Including the housing and the electronics (based on a PC-104 and an
Arduino), the weight, size, and power consumption of the SWING payload are respectively 1200 g,
33x12x8cm3, and 10 W.
Note that the SWING instrument operated during AROMAT-2 (SWING-2) is an upgraded version of
the similar payload used during AROMAT-1 (SWING-1). The main modification lies in the more
advanced spectrometer used, which enables in particular to retrieve SO2 in the UV.
3.1.3.d SO2 camera (BIRA)
EnviCam 3 a commercial camera system from Nicarnica Aviation for measuring SO2 gas emissions
from volcanoes and industry. It features dual UV cameras (16 fps, fov 11.7°x15.4°), a spectrometer
(250-400 nm, fov 0.5°*0.03°, spectral resolution 0.8 nm) an integrated computer and hard drive
storage all housed inside the aluminum, weather resistant casing. The instrument can be easily
operated using a tablet computer which mounts to the side of the case.
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Figure 3.9: Envicam3 SO2 camera (left) and example of measurements in Antwerp Harbor (June 2016)

During the AROMAT-2 campaign, the Envicam3 camera was operated from the FUB Cessna, (see 1.9
in SWING section), pointing to nadir in coincidence with the AirMAP and SWING instruments. This
experiment was to our knowledge the first attempt of operating such a SO2 camera from a plane in
nadir geometry.

3.1.3.e ULM DOAS (UGAL)
An ULM-DOAS system was deployed by UGAL during the AROMAT-II campaign in Craiova, Turceni
and Rovinari area. The ULM-DOAS system used during AROMAT-II consists on a compact CzernyTurner spectrometer (AvaSpec-ULS2048XL-USB2, of 175 × 110 × 44 mm dimensions and 855 g
weight) placed in ULM (UltraLight Motor). The spectral range of the UV-Vis spectrometer is 280–550
nm with 0.7 nm resolution (FWHM) with a focal length of 75 mm. The entry slit is 50 μm and the
grating is 1200 L/mm, blazed at 250 nm. A flexible device (a piece of wood with a hole cached in a
small metallic plate), mounted under the wing of the aircraft (Figure 3.10), holds the telescope
achieving a 2.5° field-of-view with fused silica collimating lenses. The spectrometer is connected to
the telescope through a 400 μm chrome plated brass optical fiber. Each spectrum is recorded by a
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laptop and georeferenced by a GPS receiver. The spectrometer and the GPS receiver are powered by
the laptop USB ports. The entire set-up is powered by 12 V of the aircraft through an inverter. Each
measurement is a 10-second average of 10 scans accumulations at an integration time between
100–250 ms. All observations were performed only in nadir geometry.

Figure 3.10: The UV-Vis spectrometer inside the ULM and the telescope installed under the wing

3.1.3.f APEX (VITO)
Airborne Prism EXperiment (APEX) is an airborne (dispersive push broom) imaging spectrometer
developed by a Swiss-Belgian consortium on behalf of ESA. APEX records data in the visible, near
infra-red and infrared regions of the electromagnetic spectrum, covering the wavelength range
between 380 and 2500nm. The relative fine spectral resolution of APEX around the NO 2 feature at
490 nm makes it suitable for applications involving NO2 inference in the sensed area. Fig. 3.11 shows
APEX during radiometric calibration measurements at the Calibration Home Base (DLR
Oberpfaffenhopfen).
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Figure 3.11: APEX on a large integrating sphere at the Calibration Home Base (DLR Oberpfaffenhopfen, March
2016)

APEX has an across-track field of view of 28˚ and records data in 1000 across-track pixels. The spatial
resolution of the data depends on the flight altitude, the typical extent of one pixel varying between
2 and 5m (across-track).
APEX can be operated in two different spectral modes: binned and unbinned. In both cases, the
SWIR detector provides measurements in 199 spectral bands, while only the number of spectral
channels of the VNIR detector changes. In spectrally binned mode, APEX delivers VNIR
measurements corresponding to 114 spectral bands, while in unbinned mode there are 334 channels
covering the same range of wavelengths (380-970nm). Research problems requiring fine spectral
resolution, such as the NO2 inference, benefit from the unbinned spectral mode of APEX. Thus,
during the AROMAPEX campaign, the instrument was operated in unbinned mode. The instrument
was mounted on the Dornier 228 D-CFFU aircraft, operated by DLR.
3.1.3.g SPECTROLITE (TNO)
Spectrolite (Figure 3.12) is a hyperspectral imaging spectrometer designed as a low cost modular
system for multiple applications (air quality, land use or water quality), which gives Spectrolite
following technical advantages:
Compactness makes it possible to install the instrument on a smaller aircraft or just as an add-on on
a larger platform;
Low-cost instruments require much less budget to be installed multiply on platforms, which can
improve the coverage of observation.
In addition, measurements can also be conducted more frequently, helping to increase temporal
sampling (e.g. multiple overpasses per day to study diurnal processes); and
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A small, lightweight spectrometer can easily be mounted on a small aircraft or high-altitude UAV.
Spectrolite consists of an all-reflective, off-axis optical design, resulting in the benefits:
The all-aluminum design makes it remain thermally stable during measurement;
The choice of other wavelength ranges between 270nm and 2400nm does not affect the design so it
can directly copied for usage;
The adoption of an all-reflective, off-axis optical design givesmore freedom to design the baffle for
stray light;

Figure 3.12: 3D drawing of Spectrolite showing the housing (green), components (grey) and optical path (blue).
[Xinrui GE, MSc thesis, 2016]

3.1.4 Ground based remote sensing measurements
3.1.4.a Mobile DOAS -UV and VIS systems (BIRA)
BIRA operated two Mobile-DOAS systems during the AROMAT-2 campaigns (i) a double channel
system operating in the visible, dedicated to NO2 and (ii) a zenith-only UVsystem able to monitor
both NO2 and SO2. The latter was used in particular in Turceni.
1) BIRA double channel visible Mobile DOAS system
The BIRA double channel mobile-DOAS instrument is based on a double channel Avantes
spectrometer installed on a car. The entry slit is 50 µm, the focal length 75 mm and the grating is a
600l/mm, blazed at 300 nm. The spectral range is 200-750 nm with a 1.2 nm resolution (FWHM). The
CCD detector is a Sony2048 linear array with a Deep-UV coating for signal enhancement below 350
nm. An optical head, mounted on the car window, holds the two telescopes achieving a 2.5° field-ofview with fused silica collimating lenses. One telescope points zenith while the other is directed 30°
above the horizon. Two 400 µm chrome plated brass optical fibers connects the telescopes to the
spectrometer. The integration time is around 5ms. Each measurement is an average of (typically) 10
seconds of 10 scans accumulations. A GPS antenna is used for georeferencing the measurement, the
whole set-up is powered by the car 12V through an inverter. While measuring, the instrument is
recording spectra continuously and simultaneously from the two directions. [Piters et al.]
2) BIRA UV zenith only Mobile DOAS system
The UV zenith only Mobile DOAS system is also based on an Avantes spectrometer installed on a car,
but this second system has different spectral and geometric characteristics. The spectrometer has a
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single channel. The entry slit is 75 µm, the focal length 75 mm and the grating is a 1200l/mm, blazed
at 250 nm. The spectral range is 200-450 nm with a 0.8 nm resolution (FWHM). The CCD detector is
a 2048 linear array Hamamatsu S11155 with pixels of 14*500 µm 2. The optical head is similar to the
one of the visible system described above (fixed on the car window, using a 400 µm thick optical
fiber and a 2.5° field-of-view with collimating lens) but the light is only collected in the zenith
direction. The integration time is around 150ms. Each measurement is an average of (typically) 10
seconds of 10 scans accumulations. The system also uses a GPS antenna for georeferencing the
measurements and is also powered by an inverter plugged on the car 12V.
3.1.4.b Mobile DOAS (MPIC)
The MPIC operated MAX-DOAS instruments were(see Fig. 3.12): a Mini-MAX-DOAS and a new built
MAX-DOAS. The Mini-MAX-DOAS was optimized for the detection of SO2 (wavelength range reaches
small wavelengths); the new MAX-DOAS was optimized for the detection of HCHO (improved
spectral properties and signal-to-noise ratio). Both instruments were mounted on the roof of the car,
but looked into different directions back and forth). From observations in different directions,
confined emission plumes, such as e.g. from power plants, will be observed at different times.
Eventually, from such observations, the plume height can be estimated.

Figure 3.12a: Pictures of both instruments mounted on the top of the car.

3.1.4.c Zenith-Sky Mobile-DOAS (UGAL)
Two zenith-sky Mobile DOAS systems (Figure 3.13) were deployed by UGAL during the AROMAT-II
campaign in Bucharest city and Turceni/Rovinari area. The mobile DOAS system used during
AROMAT-II consists on a compact Czerny-Turner spectrometer (AvaSpec-ULS2048XL-USB2, of 175 ×
110 × 44 mm dimensions and 855 g weight) placed in a car. The spectral range of the UV-Vis
spectrometer is 280–550 nm with 0.7 nm resolution (FWHM) with a focal length of 75 mm. The entry
slit is 50 μm and the grating is 1200 L/mm, blazed at 250 nm. A flexible device (a piece of wood with
a hole cached in a small metallic plate), mounted on the top of the road vehicle, holds the telescope
achieving a 1.2° field-of-view with fused silica collimating lenses. The spectrometer is connected to
the telescope through a 400 μm chrome plated brass optical fiber. Each spectrum is recorded by a
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laptop and georeferenced by a GPS receiver. The spectrometer and the GPS receiver are powered by
the laptop USB ports. The entire set-up is powered by 12 V of the car through an inverter. Each
measurement is a 10-second average of 10 scans accumulations at an integration time between 50–
150 ms. All observations were performed only in zenith geometry.

Figure 3.13: The mobile DOAS system (sketch and artistic photo)

3.1.4.d SO2 cameras (NILU-INOE)
Measurements were made with several multispectral UV cameras and two IR cameras. The UV
systems are composed of Alta-U47 cooled CCD camera from Apogee Instruments Inc., with
1024x1024 pixels and Envicam 2 cameras with 1344 x 1024 pixels and a sampling rate of 12Hz. The
camerasare equipped with several filters (on-band – 310, 325 nm and off-band 315, 330 nm). The
filters are UV narrow band path filter with a 10 nm ban-pass. Measurements were made with 50, 78,
105 mm focal length lenses. Camera control and imaging collection is made using the MaxIm DL
commercial program (Bluth et al, 2007).
The SO2 imaging camera measures the absorption of light by SO2 in the UV spectrum between 280 –
340 nm (Bluth et al, 2007). SO2 strongly absorbs UV light at 310nm, while for the 330nm filter the
SO2 absorption is approximately 30 times lower (Kern et al, 2010). The intensity of incident solar
light is attenuated according to the Beer-Lambert-Bouguer law, whenever SO2 is encountered along
the optical path. The difference between absorption intensities of two filters (with strong and low
SO2 absorption characteristics) is proportional with absorber’s concentration along the optical path.
3.1.4.e ALTIUS VIS channelbreadboard (BIRA)
The NO2 camera is a hyperspectral imager that can take spectral images of a scene at a given
wavelength with a spectral resolution better than 1 nm. The filter is tunable such that different
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wavelengths can be selected throughout the visible range, enabling the imaging of the scene at
different wavelengths sequentially. The opto-mechanical design is illustrated in Figure 3.14.The
instrument is fully described in Dekemper et al. (2012) and Dekemper at al. (2016). Hereafter, we
only outline the key aspects of this novel technique.

Figure 3.14: NO2 camera opto-mechanical design.

The NO2 camera is a telecentric optical system which images a scene with a 6°x6° square field of
view (FOV) onto a CCD camera. The incoming light is collected and guided by a number of lenses.
The passband selection is made by an acousto-optical tunable filter (AOTF). The AOTF principle relies
on the acousto-optic interaction in a birefringent crystal: photons of a particular energy
(wavelength) couple with an acoustic wave traveling in the crystal in such a way that they leave the
crystal in a different direction and with a rotated polarization with respect to the incident beam. The
undiffracted beam is rejected with a polarizer and a beam block. Selecting another wavelength is
simply a matter of tuning the acoustic wave to the correct frequency, as indicated by the tuning
curve shown in Figure . The acoustic waves are sent into the crystal by a piezo-electric transducer.
The needed acoustic power amounts to about 100 mW.

Figure 3.15: Tuning curve of the AOTF showing which acoustic frequency needs to be applied to the transducer
in order to filter a particular optical wavelength.

The basic properties of the NO2 camera are listed in Table 3.1. In Turceni, the instrument was
installed nearby the local football field at a distance of 2.5 km from the group of four stacks
exhausting the flue gases of the coal and oil burning power plant (see Figure). From this distance,
the camera FOV could capture the outlet of the stacks and the first 200 metres of smokes above
them.
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Table 3.1: Basic properties of the NO2 camera.

Properties
field of view
number of pixels
spatial sampling at 2.5km
typical exposure time

Properties
6°x6°
512x512
50 cm
0.5 s / λ

tuning range
spectral resolution at 450 nm
wavelength accuracy
min. dwell time

400-800 nm
0.6 nm
0.1 nm
< 1.5 s

Figure 3.16: Left: Illustration of the measurement geometry: the NO2 camera was installed nearby the football
field looking at the smokestacks (map background from OpenStreetMap.org). Right: picture of the four
smokestacks of the Turceni’s power plant from the football field (taken with a standard digital camera).

The measurement principle of the NO2 camera is as follows: thanks to the spectral resolution of the
AOTF, one can take advantage of the typical oscillations of the NO2 absorption spectrum. By
selecting close wavelengths exhibiting a large difference in absorption (see Figure), one can measure
the slant column density (SCD) of NO2 encountered over the light path. Furthermore, if the
background can clearly be distinguished, one can remove its contribution to the signal and end up
with the NO2 SCD within the plume. Figure shows a spectral image of the scene recorded at 465.8
nm.
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Figure 3.17: Illustration of the capability of the AOTF to select narrow portions of the spectrum in order to take
advantage of the differential structures of the NO2 absorption cross section (black). The blue curve represents
the NO2 spectrum at the resolution of the AOTF. The two Gaussian functions represent two positions of the
AOTF spectral transmission function (STF).

Figure 3.18: Spectral image of the top of the stacks at 468.5 nm.

Due to the fact that the measurement principle requires a homogeneous background (clear blue
sky), the acquisition windows are rather limited.

3.1.4.f Multiwavelength Raman lidar - RALI (INOE)
Multiwavelength depolarization Raman Lidar (RALI) is an instrument capable to detect the Raman
backscattering radiation from atmospheric water vapor, nitrogen, and Mie / Rayleigh backscattering
radiation from atmospheric molecules and aerosol particles, providingdata products related to
optical, microphysical and geometrical properties.The system is part of the European Aerosol
Research Lidar Network (EARLINET) as an advanced Lidar station. The output parameters are the
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backscatter coefficient, the extinction coefficient, water vapor mixing ratio (for 407 nm), particle
depolarization ratio (for 532 nm). Advanced products have been dedicated to aerosol typing,
microphysical inversion and aerosol mass concentration retrievals.

Figure 3.19:The multi-wavelength Raman lidar RALI a) instrument b) night measurements at RADO

3.1.4.g UV scanning depolarization Lidar - MILI (INOE)
The UV depolarization eye-safe Lidar system detects Mie/Rayleigh backscattering from atmospheric
molecules and aerosol particles.
The laser emission wavelength is UV 355 nm (20mJ) and the detection channels are 355 cross and
355 parallel. The laser pulse duration is 3-6 ns (at 1064 nm), repetition rate 20Hz, and the beam
diameter between 3-5 mm at FWHM. The dynamic range covers 1-5 km, depending on atmosphere
transmission, with 7.5 m spatial resolution. The reception has a 200mm Cassegrain telescope, and
the system acquisition is analog and photon counting, with 20 MS/s analog sampling rate and 250
MHz photon counting count rate.
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Figure 3.20: The UV scanning lidar MILI a) day time vertical b) night time scanning in Turceni

3.1.4.h Pandora (INOE)
Measurement principle: 1.50 field of view, and elevation range from -100 to +900, with azimuth
range of 3600, the system is capable of pointing anywhere in the sky in order to perform direct sun,
zenith sky, principal plane, or almucantar observations. The system has two spectrometers, first
ranging from 290 nm to 500 nm with a 0.6 nm resolution and the second one with a range from 400
nm to 900 nm with a resolution of 1.1 nm.
Known issues: Pandora – 2S observation cannot be usable in the presence of clouds, because of their
high albedo. Uncertainties during cloudy sky and precipitation are large
Species measured: NO2 and O3 column amounts
Parameters delivered: Column amounts of NO2 (Dobson Units)

3.1.4.i ISA MAX-DOAS (IUP)
The IUP team used a compact MAX-DOAS (Hönninger et al 2003, Platt & Stutz 2008) based on an
Avantes spectrometer on the roof of the FUB (Freie Universität Berlin). The instrument covered a
spectral range from ca. 300nm-450nm. The elevation angle sequence was
1°,2°,3°,4°,5°,10°,20°,40°,90° in the direction of the city centre (Azimuth 44°) and the same sequence
towards the outskirts of Berlin at an Azimuth of 224°. The instrument measured from
11.04.201610:12 until 18.05.2016, 10:45.
In order to have a good time resolution, a compromise between motor movement time and
integration time had to be found. As the elevation motor moved typically within less than half a
second from one elevation to the next one, the overall integration time per spectrum was set to 6
seconds. Weaker absorbers, such as SO2, HONO and HCHO, were analysed later using co-added
elevation sequences to reduce residual noise.
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Fig. 3.21: The ISA MAX-DOAS on the roof of the FUB.
Table 3.2: Instrumental properties and measurement strategies of the ISA-MAX-DOAS instruments

Property
Spectral range
Spectral resolution
Typical integration time
Viewing direction [°]
Azimuth [°]

ISA MAX-DOAS-instrument
297 – 459 nm
0.6 nm
6 sec / elevation
1,2,3,4,5,10,20,40,90
44° and 224° for all elevation angles
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Figure 3.22: Overview about the data availability of the instrument during the campaign for which the data
with high spectra time resolution was used in the inversion. Only measurements towards the city centre are
shown here. Raw spectral data exists further continuously until May 18th. The gaps around April 15th and 17th
were caused by technical difficulties.

3.1.4.j Ceilometer CHM-15k (FUB)

Fig. 3.22a: The Ceilometer CHM-15k on the roof of the FUB

Main data products: Cloud ceiling height, aerosol layer height (PBL).
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3.1.4.k Aeronet-station (FUB)

Fig. 3.23: The Aeronet station on the roof of the FUB.

Main data products: Aerosol optical depth (AOD)

Fig. 3.24: The data display control of the Aeronet station
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3.1.4.l Microtops (FUB)

Fig. 3.25: The Microtop system used during AROMAPEX campaign in Berlin

Main data products: Aerosol optical depth (AOD)

3.1.4.m FUB ADSB-station (FUB)

Fig. 3.26: The FUB ADSB-station on the roof of the FUB

Main data products: Wind profile, temperature profile
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3.2 Existing satellite instruments (OMI, GOME2, CALIPSO) and
examples of relevant satellite data
The Ozone Monitoring Instrument (OMI), the Global Ozone Monitoring Experiment-2 (GOME-2), and
the Cloud-Aerosol LIDAR and Infrared Pathfinder Satellite Observation (CALIPSO) are examples
satellite instruments making use of remote sensing – the observation from a distance – monitoring
the earth and its atmosphere from space using a variety of techniques. These three satellite
instruments currently in orbit, produce relevant data from the composition of the earth’s
atmosphere (O3 vertical profiles, accurate information on the total column amount of NO2, SO2,
water vapour, oxygen/oxygen dimmer, bromine oxide, aerosol characterization) and cloud coverage
on a daily basis. AROMAT data, airborne as well as ground-based, can be used to validate the
geophysical parameters measured by these instruments, quantifies using state of the art retrieval
techniques and algorithms. The instrumental and experimental set-up of AROMAT should yield a
better characterization of 3-dimensional variability of different species, which is a major limiting
factor for satellite validation. In this paragraph three satellite instruments are described that
currently produce relevant data that could be validated using data from AROMAT.

3.2.1 Ozone Monitoring Instrument

OMI is a nadir viewing imaging spectrograph that measures the solar radiation backscattered by the
Earth's atmosphere and surface over the entire wavelength range from 270 to 500 nm with a
spectral resolution of about 0.5 nm. The instrument is situated on board of the EOS-AURA satellite
from the American Space Agency NASA. It takes this satellite 98 minutes to complete its orbit around
the earth imaging a 2600 kilometer wide strip with every orbit. After fourteen orbits which are being
traveled within a day, the entire planet earth has been covered. In the normal global operation
mode, the OMI pixel size is 13 km× 24 km at nadir (along x across track). In the zoom mode the
spatial resolution can be reduced to 13 km × 12 km. The small pixel size enables OMI to look in
between the clouds, which is very important for retrieving tropospheric information.
Usage of a two-dimensional detector makes it possible to measure the complete spectrum in the
ultraviolet/visible/near-infrared wavelength range, which enables one to retrieve several trace gases
from the same spectral measurement, combined with a very high spatial resolution and daily global
coverage.
The instrument accurately measures the extend of air pollution (NO2, SO2, soot, particulate matter
(PM) and volcanic ash) in different cities worldwide and how ittravels. This enables one to map
large-scale air pollution transport like from the United States (US) to Europe and from China to the
US. The data is used to generate air quality forecasts and to issue volcanic ash warnings.
Moreover, the thickness of the Ozone layer is measured to the smallest detail, which is important for
climate change and greenhouse effect studies, as well as for human health. The Ozone layer filters
the Ultraviolet (UV) radiation that is harmful for human skin. Too much exposure to UV can lead to
the formation of skin cancer.
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Partly due to changeable weather conditions, the thickness of the Ozone layer varies, causing the
natural filter to work better one day than the other. By means of OMI UV forecasts can be made one
week ahead for the entire world. OMI enables both policy makers and scientists to measure to what
extend the measures taken to limit depletion of the Ozone layer are having the desired effect.
OMI Standard Data products include Level-1b data, the O3 total column, the O3 vertical profile,
Cloud Pressure and Fraction, Surface UVB flux, the HCHO total column, the BrO total column, the
OClO slant column, surface Reflectance, the OMI slit function and – most important for the
AROMAT-I campaign – the NO2 total and tropospheric column, the SO2 total column and Aerosol.

Figure 3.27: OMI NO2 observations on 31 August 2015 over South-East Europe (including Romania)
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Tables 3.3 Overpasses of OMI, GOME-2 and CALIPSO
Overpasses during daytime (UT)

Overpasses during daytime (UT)

OMI

GOME-2

150817

10:29

B

2015/08/15: 12:09 UTC (880 km)

20150817

12:07

B

2015/08/16: 11:15 UTC (225 km)

20150818

11:11

B+T

2015/08/17: 11:58 UTC (635 km)

20150819

10:17

B

2015/08/18: 11:01 UTC (471 km)

20150820

10:59

B+T

2015/08/19: 11:45 UTC (389 km)

20150820

12:37

T

2015/08/20: 10:50 UTC (717 km)

20150822

10:47

B+T

2015/08/21: 11:33 UTC (143 km)

20150822

12:25

B+T

2015/08/22: 12:16 UTC (1003 km)

20150823

11:29

T

2015/08/23: 11:20 UTC (102 km)

20150824

10:35

B+T

2015/08/24: 12:03 UTC (758 km)

20150824

12:13

B+T

2015/08/25: 11:07 UTC (348 km)

20150825

11:17

B+T

2015/08/26: 11:52 UTC (512 km)

20150826

10:23

B

2015/08/27: 10:56 UTC (594 km)

20150826

12:00

B

2015/08/28: 11:39 UTC (266 km)

20150827

11:05

B+T

2015/08/29: 10:43 UTC (840 km)

20150827

12:43

T

2015/08/30: 11:26 UTC (20 km)

20150830

11:35

T

20150831

10:41

B+T

20150831

12:19

B+T

Calipso starting hour of the measurements
(UTC)
Magurele
Turceni
2015-08-20 23:30
2015-08-18 23:40
2015-08-23 10:25
2015-08-21 10:35
2015-08-27 23:35
2015-08-25 23:45
2015-08-30 10:30
2015-08-28 10:40
Table 3.4: Calipso overpass for Magurele and Turceni during AROMAT2
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4. Data analysis
4.1 Aerodynamic Particle Sizer (INOE)
The instrument has proprietary software processing routines to provide all data products in ASCII
and graphical formats. However, the data presented in this report were processed according to the
chain presented in Fig. 4.1.

Fig. 4.1: APS data processing chain

Error calculation: since the data processing routines are not available for the end-user, the
associated uncertainties are related only to systematic errors provided by the manufacturer.

4.2 Integrating Nephelometer (INCAS)
The output data is provided in ASCII format (it can be displayed in real time through Neph-Log
application). The data processing was then realized according to the chain presented in Fig. 4.2.
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Fig. 4.2: Data processing chain

The aerosol Angstrom coefficient (Anderson and Orgen, 1998) over two wavelengths (e.g., 450/550)
for both scattering and backscattering time series was determined using:
450
𝜎𝑠𝑝

Å(450/550) = −

𝑙𝑜𝑔(𝜎550 )
𝑠𝑝

450
𝑙𝑜𝑔(550)

450
550
where 𝜎𝑠𝑝
– is the term for scattering by particles (at λ=450nm), and 𝜎𝑠𝑝
is the the term for
scattering by particles (at λ=550nm).

The aerosol Angstromcoefficients for 450/700 and 550/700 were determined using a similar formula
as the previous described.
Error calculation: The mainassociated uncertainties are related only to systematic errors provided by
the manufacturer, the data processing routines not being available for the end-user.
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4.3 PICARRO (INCAS)
The build-in software of the instrument allows the real time visualization of measured
concentrations (Fig 4.3).

Fig. 4.3: Example of real time monitoring of measured trace gases concentration

For a fine analysis and inter-comparisons with similar data, a higher level of data processing is
necessary. In order to accomplish this purpose, the data was processed based on the structure
presented in Fig. 4.4.

Fig. 4.4: Picarro gas analyser data processing chain
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Fig. 4.5: CO2 concentrations measured during theascending vertical sounding (750m up to 3300 m) performed
in 28.08.2015

Error calculation: The analyser automatically performs water vapours corrections (already validated
by several laboratories) and reports both normal and dry mole fraction of measured species.

4.4 NO2 CAPS (BIRA)
The primary data product provided by the CAPS monitor is the dry air volume mixing ratio of NO 2
measured every 18 seconds (Figure 4.6). The BN-2 has performed vertical soundings during every
flight, trying to capture big vertical variation in NO2 caused by ascending and/or descending through
the air pollution emission plume of the city of Bucharest (Figure 4.7). Because simultaneously GPS
coordinates as well as outside air temperature, pressure and relative humidity have been recorded,
for every vertical sounding showing a big enough variation of NO2, an NO2 vertical profile can be
deduced which is the secondary data product.
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Figure 4.6: Quick looks of NO2 volume mixing ratios in ppb plotted against the recorded pressure in hPa for
every entire flight.

31-08-2015 (1)

st

Figure 4.7: Quick look of NO2 volume mixing ratio (ppb) recorded by CAPS during the first flight on August 31 ,
showing the common BN-2 flight pattern consisting of loops around the city and vertical (spiral) soundings.

Calibration:
In theory the CAPS monitor requires no calibration while the molar extinction coefficient which is
constant at a certain temperature is determined from a priori cross sections and the base line value
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– which contains all information about the condition of the mirror – is periodically measured, (once a
year is recommended by Environnement S.A.). CAPS comes with a built-in zero referencing cycle
which is the only procedure that has to be conducted to calibrate the instrument. By selecting the
“check zero” option one is allowed to check the response of the analyzer to zero air, which can be
measured from the zero air channel where zero air is produced by passing ambient air through a
special filter. By performing a zero check one can evaluate the stability of the instrument over time
and the necessity to conduct a zero reference cycle.
Corrections:
The absorption cross section of NO2 at P0 = 1013 hPa and T0 = 273 K is 4.5 · 10-19 cm2 molec-1. The
CAPS monitor is equipped with sensors that continuously measure pressure (P) and temperature (T)
inter alia inside of the optical cavity. Therefore its measurements are automatically corrected taking
into account P and T inside of the cavity using the following formula: Ncorr = N · P0/P · T/T0.
Uncertainties:
Apart from the optical temperature and pressure dependence for which the NO2 signal is
automatically corrected, a negligible water dependence remains of < 2 ppb / 20000 ppm H2O. Also a
fractional additional temperature dependence remains of 0.1 % per °C which can be manually
corrected for.
Known issues:
The CAPS monitor has a known warm-up time of ± 10-15 minutes. Since the battery power inside the
BN-2 and its hangar was limited, the CAPS monitor could not be switched on before take-off because
of which the first 10-15 minutes of recorded NO2 values are underestimated during every flight.
CAPS does not have its own GPS, outside air temperature and relative humidity measurements. In
order to be able to retrieve NO2 vertical profiles, additional measurements of these parameters have
to be conducted.
A recommended additional particle filter meant to avoid dust resulting from rough landings and
take-offs to enter the optical cavity did not arrive in time. Particles entering the cavity should lead to
overestimated values of NO2, something we did not see during AROMAT-II.
Instead, during every flight slightly negative values were recorded. These probably resulted from the
lack of zero measurements and zero referencing cycles which could not be performed due to the
lack of power in the hangar.
After the campaign it was noticed that there had been an 'optical temperature alarm’ on 31 August
2015 at 1 PM UTC: it was 42.9 where it should have been between 43 °C and 47 °C. It is unknown
whether and/or how a correction should be applied to the data recorded during the corresponding
seventh flight.

4.5 NO2 SONDE (KNMI)
Fundamental to the NO2-sonde is the observation that when air is bubbled through a basic (pH ≈
12.2), watery solution of luminol, an amount of blue light is produced that is proportional to the
concentration (kg/m3) of NO2 in the air. The main challenge of the NO2-sonde is the minute amount
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of light that is produced. On the one hand, the atmospheric concentration of NO2 is very low (in the
order of parts-per-billion (ppbv), on the other hand, the reaction between NO2 and luminol appears
to be very inefficient. In order to get sufficient signal photodiodes are used that have a high surface
area to detect the blue light.
Photodiodes convert this light to an electrical current that is proportional to the amount of light
received, over many orders of magnitude. This current is fed through an OPAMP that converts the
current into a voltage. The photodiode + OPAMP system generates a small but temperature
dependent offset.
The photodiodes were found to also produce a current when exposed to a temperature gradient,
while in the NO2-sonde temperature gradients always develop during measurement. Therefore, to
compensate for this effect, a second array of photodiodes is used, that is mounted behind an
aluminum film. This array is referred to as the "blind" array, sinceits photodiodes are exposed to the
same temperature gradients as the "seeing" photodiodes, but the light from the reaction cannot
reach them.
The seeing and the blind photodiodes will give a signal in Volt:
Vs = R * l + Os + R * G
Vb = Ob + R * G
Table 4.1: Calculation ofthe signal from the photodiodes of the NO2-sonde.

Vs: voltage from the seeing photodiodes
Vb: voltage from the blind photodiodes
R: “amplification” of the current to voltage converter
l: amount of light
Os: offset of the seeing amplifier
Ob: offset of the blind amplifier
G: temperature gradient over the photodiodes

Vs - Vb = R * l + ( Os - Ob )
Table 4.2: Calculation of the amount of light resulting from the chemical reaction between luminol and NO 2.

Which is rephrased as:
l = ( Vs - Vb - D ) / R
Table 4.3: Rephrased calculation from table 6, introducing temperature dependent dark Voltage D.

D: temperature dependent dark voltage
Note that the dark voltage "D", can be determined by replacing the luminol solution with water. In
this case "l" is zero, and D = Vs – Vb.
The dark voltage is normally parameterized as:
D = a0 + a1*exp(T*a2)
Table 4.4: Calulation of the 3 parameters describing the detector dependent dark voltage.
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Where T is the temperature in degrees Celsius.
a1, a2, a3 are determined in the laboratory prior to flight, the values used in the AROMAT-I
campaign, are shown in table 10.
In order to get the observed amount of NO2, we need to correct for:
cp(T) = pump rate (at the ground)
ce(P) = pump correction (at altitude)
cs(T) = sensor efficiency
P = ambient pressure divided by 1013.25 hPa
All these corrections are formulated in such a way that they are close to 1 at standard pressure and
temperature.
So finally:
NO2 = ( Vs - Vb - D ) * cp * ce * cs * C / P
Table 4.5: Calulation of the concentration of NO2 measured by the NO2-sonde

cp(T) = ( T + K + 5 ) / ( K +30) ; K = 273.15 Celsius
Ce(P) = 1 in the troposphere
Cs(t) = exp ( ( T - 25) * 0.02 )
The final constant "C" is basically unknown, and should ideally be obtained through calibration of the
NO2-sonde against a known source of NO2, or by inter-comparing NO2-sondes. As is shown table 7,
only one sensor was used, which displayed a large day-to-day variation in the value of “C”.
date

sensor Flight (m) A0 (V)

A1 (V)

a2

C (ppbv/V) Offset (ppbv)

2015082508 F63

571

-0.0009 +0.00007 0.11 37.9

0.13

2015082709 F63

3138

-0.0009 +0.00007 0.11 143.5

0.11

2015082807 F63

3123

-0.0009 +0.00007 0.11 97.4

0.22

2015083007 F63

3283

-0.0009 +0.00007 0.11 unknown

unknown

Table 4.6: Values for dark voltage parameters a0, a1 and a2, and for calibration constants “C”, as used during AROMAT-II.

Precision of the NO2-sonde
For large signals, a measurement error of 10% or less should be achievable. There are a number of

sources of errors that normally are ignored, which may introduce an error of a few percent. The
most important source is a change in instrument sensitivity due to a change in pH value of the
solution. Sensing solution acidification is caused by a reaction between its strong base KOH and CO2
from ambient air. Another error is introduced by the temperature dependent flow through the
pump. Ideally, the temperature inside the pump cylinder would be measured, but instead the sensor
temperature plus five degrees Celsius is used as a proxy.
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However, the largest source of uncertainty is introduced when calibrating the sonde against a
"known" source of NO2. The method used most of the time, has been comparing the results of the
NO2-sonde with another instrument in the field. During the AROMAT-II campaign, the CAPS NO2
analyzer from BIRA-IASB was used for this inter comparison to retrieve the NO2-sonde’s “C”-value.

Figure 4.8a: from August 25 (left), 5b from August 27 (middle) and 5c from August 28 (right) 2015: Results
from the NO2-sonde calibration, using the BIRA-IASB CAPS analyzer as a reference. From this calibration
scaling factor “C” and an offset were retrieved for the NO2-sonde during every flight.

In our experience, this is the most significant source of uncertainty the NO2-sonde is subjected to,
because ofone of the following situations:
 The instrument used for comparison was poorly calibrated.
 During the comparison of the NO2-sonde and another instrument, the NO2concentration
was not sufficiently high.
 The instrument used for comparison was sensitive to other Nitrogen compounds (NOy).
 No instrument was available for comparison.
 In the last case one has to revert to a "theoretical" sensitivity of the NO2-sonde, a value that
can be off by up to 20%.
 It is important to point out, that in case the calibration is poor, the shape of the obtained
NO2-profile is not affected.

Figure 4.9: NO2 vertical profiles recorded during AROMAT-II, all flown from Strejnic on August 25, 27 and 28
respectively.

sensor

variable

unit

precision

GY-NEO6MV2 Flight Controller GPS

Timestamp

ms (since start)

1 ms

DateTime

yyyy-mm-dd HH:MM:SS 1 s
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Age

ms (since last fix)

1 ms

Longitude

degrees

0.00001 °

Latitude

degrees

0.00001 °

Altitude

m

5m

HDOP

DOP value

< 1.5

course

degrees

0.5 °

speed

m/s

0.1 m/s

RH

%

5%

temperature

°C

0.5 ° C

BH1750FVI Digital Light Intensity Sensor Light intensity lux

20 %

BMP180 Digital Pressure Sensor

2 hPa

Pressure

hPa

Table 4.7: Data logger parameter accuracy.

For very small signals, other sources of errors become important. This is very relevant, because the
NO2-sonde will normally reach altitudes where almost no NO2is present. Often, still a signal appears
to be present. Two sources of spurious signals have been identified.
The NO2-sonde has a small sensitivity to ozone in the order of magnitude of 2% per molecule. It is
difficult to correct for this effect when the actual ozone profile has not been measured.
There could be an error introduced by the data-acquisition hardware. Ideally, the dark voltage "D",
should be measured using the same data-acquisition system as is used during the flight of the sonde,
thus using an Arduino microcontroller based data logger for data recording. However, “D” is
parameterized in the lab using another type of data logger, which could introduce an offset in the
data. Efforts were made to minimize the effect, but there are practical limitations on how well this
can be done. (For example: Unknown remains the fact whether the offsets in the data acquisition
systems are temperature, pressure, or humidity dependent). The assumption is made that the
remaining offsets could be in the order of a few millivolts, in Vs, Vb and D.

Parameters recorded from digital sensors on the data logger
Details of the data processing in the Arduino microcontroller based data logger have not been
investigated. Therefore, the information in this paragraph is limitedto quoting the estimated
accuracy of the results from its various digital sensors.

4.6 FUBISS-ASA2 (U. Berlin)
Radiation which enters the earth’s atmosphere is attenuated due to absorption and scattering. The
fundamental law is the Beer-Lambert law, which is strictly valid only for monochromatic irradiance,
but may also be applied for channels with a small bandwidth. The aerosol optical depth τa is derived
by rearranging the Beer-Lambert law:
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𝑉(𝜆)
−𝑚(𝜃)𝜏(𝜆)
2 ⁄ 2 =𝑒
𝑉0 (𝜆) 𝑑𝑠𝑖𝑡𝑒
𝑑𝑐𝑎𝑙

with
𝜏(𝜆) = 𝜏𝑅 (𝜆) + 𝜏𝑎 (𝜆) + 𝜏𝐺
𝜏(𝜆) = 𝜏𝑅 (𝜆) + 𝜏𝑎 (𝜆) + 𝜏𝑁𝑂2 (𝜆) + 𝜏𝑂3 (𝜆)
→ 𝜏𝑎 (𝜆) =

𝑙𝑛(𝑉0 (𝜆)𝑑) − 𝑙𝑛(𝑉(𝜆))
− 𝜏𝑅 (𝜆) − 𝜏𝑁𝑂2 (𝜆) − 𝜏𝑂3 (𝜆)
𝑚(𝜃)

τa
: Aerosol optical depth
τR
: Raleigh optical depth
τG
: Gas optical depth (NO2, O3, CO2, H2O, … for this case we neglect some gases)
τNO2
: NO2 optical depth
τO3
: O3 optical depth
V0
: calibration coefficient (calculated solar irradiance at the top of the atmosphere measured
by the instrument determined by the Langley plot method)
V
: measurement value
m
: relative air mass
Θ
: solar elevation angle
λ
: wavelength (defined channels of this analysis: 412.0, 450.0, 500.0, 550.0, 609.0, 778.0,
862.0)
Aerosol particles scatter predominantly into the forward direction. Therefore, the aerosol phase
function Pa has its largest variation in the region of 0° to 10°. Instead of measuring a complete 180°
almucantar, it therefore might be sufficient to measure only at distinct positions in the forward
scattering region in order to partially describe the scattering properties. Our new instrument is
designed to measure the spectral radiance simultaneously in two different concentric rings around
sun (in the first and second aureole) and the direct solar irradiance. The equation:
𝛽𝑎 = 𝜔0 𝑃𝑎 𝜏𝑎 =

𝐼𝑎
− 𝑃𝑟 𝜏𝑟
𝐼𝑑 𝑚𝛥𝜔

allows to determine the aerosol volume scattering function a for each field of view. The aureole
index aui is defined as the ratio of the two retrieved aerosol volume scattering functions:
𝑎𝑢𝑖(𝜆) =

𝛽𝑎1 𝑃𝑎1
=
𝛽𝑎2 𝑃𝑎2

where a1 is related to the inner aureole ring and a2 to the outer aureole ring. The aureole index can
be interpreted as the slope of the aerosol phase function in the forward scattering region. Pa1 and Pa2
are values averaged over the whole solid angle 1,2 of each aureole. Inserting the previews Equations
it leads to the operational equation:
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(𝑧1 𝐼𝑎1 − 𝑃𝑟1 𝜏𝑟 𝑧2 𝐼𝑑 𝑚𝛥𝛺𝑎1 )𝛥𝛺𝑎2
(𝐼𝑎2 − 𝑃𝑟2 𝜏𝑟 𝑧2 𝐼𝑑 𝑚𝛥𝛺𝑎2 )𝛥𝛺𝑎2

The coefficients z1 and z2 consider the fact that the entrance optic for the direct sun path has filters
installed and furthermore, that the three intensities Id, Ia1, and Ia2 are measured by three separate
spectrometers. A relative radiometric calibration is needed to determine z1 and z2. The differences
are here related to the Ia measurement. For this calibration, the three entrance optics
simultaneously measure the radiance of a calibrated integrating sphere. The coefficients are then
determined by the following equations:
𝑧1 =

¯ 𝛥𝛺𝑎1
𝐼𝑎2
,𝑧
¯ 𝛥𝛺𝑎2 2
𝐼𝑎1

=

¯ 𝛥𝛺𝑑
𝐼𝑎2
¯
𝐼𝑑 𝛥𝛺𝑎2

where Ia1 and Ia2 are the time averaged measured radiances of the first and second aureole, and Id is
the time averaged measured radiance of the direct sun path. All intensities have to be divided by
their corresponding solid angle ΔΩ.

4.7 AirMAP (IUP)
Data acquisition and DOAS analysis
During the ﬂights, spectra of scattered sunlight from below the aircraft are recorded. The datasets
are series of images from the square CCD-chip with the spectral information on the horizontal axis
and spatial information on the vertical axis. In the post-processing, adjacent rows of the CCD are
averaged according to the illumination by the individual light ﬁbers. This results in time series of
individual spectra for each viewing direction. The spectra are georeferenced according to the
Cessna’s AHRS, using a nearest neighbor synchronization of the GPS timestamps. The GPS-altitude is
provided as the altitude above the geoid and is corrected for altitude above ground level with a
digital elevation model (DEM)(European Environment Agency 2013). Spectral calibration is
performed on ground using emission lines of a HgCd-spectrum and a high resolution solar
atlas(Kurucz et al. 1984). Subsequently, the DOAS method is applied to the calibrated spectra to
retrieve differential slant column densities (dSCDs). The dSCD is the number density of an absorber
integrated along the light path relative to the absorber amount in the reference spectrum. The
reference spectrum used in the DOAS analysis is taken from a scene of the same ﬂight with low
absorber abundances.
The most important settings of the DOAS retrieval for are displayed in the tables below Table 4.8
shows the settings used for the NO2 retrieval in the visible. Table 2.9 and 4.10 list the settings used in
the UV spectral range for the retrieval of NO2and SO2, respectively.
Table 4.8: Fitted absorption cross-sections and important settings used in the retrieval of NO2dSCDs
in the visible
Molecule
O3
NO2

Temperature
223 K
298 K

Reference
(Serdyuchenko et al. 2014)
(Vandaele et al. 1998)
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O4
H2O
Ring effect

293 K
293 K

Offset
Polynomial(nCoeffs)
Fit window

Constant
4
438 nm – 490 nm
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(Thalman and Volkamer 2013)
(Rothman et al. 2013)
(Rozanov et al. 2014)

Table 2.9: Fitted absorption cross-sections and important settings used in the retrieval of NO2dSCDs
in the UV
Molecule
O3
NO2
O4
BrO
Ring effect

Temperature
223 K
298 K
293 K
228 K

Offset
Polynomial(nCoeffs)
Fit window

Constant
5
338 nm – 366 nm

Reference
(Serdyuchenko et al. 2014)
(Vandaele et al. 1998)
(Thalman and Volkamer 2013)
(Wilmouth et al. 1999)
(Rozanov et al. 2014)

Table 4.10: Fitted absorption cross-sections and important settings used in the retrieval of SO2dSCDs
in the UV
Molecule
O3
NO2
SO2
Ring effect

Temperature
223 / 273 K
298 K
293 K

Reference
(Bogumil et al. 2003)
(Vandaele et al. 1998)
(Thalman and Volkamer 2013)
(Rozanov et al. 2014)

Offset
Polynomial(nCoeffs)
Fit window

Constant
6
307.5 nm – 328 nm

Derivation of vertical column densities
Using the dSCDs resulting from the DOAS fits, vertical column densities (VCDs), defined as the
absorber concentration integrated along the vertical direction, are computed. The conversion of the
retrieved dSCD to a VCD enables comparisons of measured trace gas column densities irrespective of
the instrument viewing geometry, solar position and surface properties.
The alteration of the light path, as compared to a normal to the surface, is usually expressed in the
form of an air mass factor (AMF), which is defined as the ratio of slant and vertical column densities.
𝐴𝑀𝐹 =

𝑆𝐶𝐷
𝑉𝐶𝐷
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The background spectrum for the DOAS analysis is taken from a scene of the same flight. Thus,
differential Slant Column Densities are determined, which are the changes in trace gas columns with
respect to the scene of the background measurement. Because the background spectrum is taken in
a clean scene, the trace gas amount contained in the background spectrum is usually small.
The measurements are sensitive to changes in trace gas concentrations in the troposphere and the
stratosphere. The stratospheric influenceis becoming more important with increasing Solar Zenith
Angle (SZA). The conversion of the measured dSCDs to tropospheric VCDs can be expressed by:
𝑡𝑟𝑜𝑝

𝑉𝐶𝐷
𝑡𝑟𝑜𝑝

=

𝑑𝑆𝐶𝐷
𝑉𝐶𝐷 𝑡𝑟𝑜𝑝
𝑉𝐶𝐷 𝑠𝑡𝑟𝑎𝑡
𝑆𝐶𝐷 𝑠𝑡𝑟𝑎𝑡
𝐴𝑀𝐹𝑡𝑟𝑜𝑝
𝑡𝑟𝑜𝑝

𝐴𝑀𝐹0

𝑡𝑟𝑜𝑝

𝑉𝐶𝐷0
𝑆𝐶𝐷0𝑠𝑡𝑟𝑎𝑡

𝑑𝑆𝐶𝐷 + 𝑉𝐶𝐷0

𝑡𝑟𝑜𝑝

𝑑𝑆𝐶𝐷 + 𝑆𝐶𝐷0
+ Δ𝑆𝐶𝐷 𝑠𝑡𝑟𝑎𝑡
=
𝐴𝑀𝐹𝑡𝑟𝑜𝑝

𝑡𝑟𝑜𝑝

× 𝐴𝑀𝐹0

+ 𝑉𝐶𝐷0𝑠𝑡𝑟𝑎𝑡 × 𝐴𝑀𝐹0𝑠𝑡𝑟𝑎𝑡 − 𝑉𝐶𝐷 𝑠𝑡𝑟𝑎𝑡 × 𝐴𝑀𝐹 𝑠𝑡𝑟𝑎𝑡
𝐴𝑀𝐹𝑡𝑟𝑜𝑝

:
:
:
:
:
:

Differential slant column density
Vertical column density of the troposphere
Vertical column density of the stratosphere
Slant column density of the stratosphere
Tropospheric air mass factor
Tropospheric air mass factor during conditions of the background spectrum
measurement
: Tropospheric VCD in the background spectrum
: Slant column density of the stratosphere during the conditions of the reference
spectrum

In these equations the subscript 0 denotes the conditions of the background measurement and the
superscripts ‘trop’ and ‘strat’ refer to tropospheric and stratospheric parameters, respectively.
A detailed description of the algorithm to derive tropospheric VCD can be found in (Meier et al.
2016). However, the following section describes this algorithm briefly.
𝑡𝑟𝑜𝑝

In the analysis of the data presented here, the tropospheric background VCD, 𝑉𝐶𝐷0 , was set to a
constant value of 1x1015molec cm-2. To correct for changes in stratospheric trace gas amounts, we
have used model data from the B3dCTM model (B.-M. Sinnhuber et al. 2003; M. Sinnhuber et al.
2003; Winkler et al. 2008), normalized to match GOME-2 satellite measurements over the clean
Pacific. Stratospheric AMFs were approximated using the geometric approximation
1

𝐴𝑀𝐹 𝑠𝑡𝑟𝑎𝑡 = cos(𝑆𝑍𝐴).
The computation of the tropospheric AMFs applied a more complex approach, using the radiative
transfer model SCIATRAN.
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Computation of Air Mass Factors
The light path through the atmosphere depends on the viewing geometry under which the spectra
were recorded. This is usually expressed in in the form of air mass factors (AMFs).
The AMF is simulated by radiative transfer models (RTM). Here the SCIATRAN RTM(Rozanov et al.
2014)is used. The following parameters are considered in the calculation of the AMF:
Absorber-proﬁle
ﬂight altitude (H)
ground surface reﬂectance (A)
viewing zenith angle (VZA)
relative azimuth angle (RAA)
solar zenith angle (SZA)
wavelength (λ)
The ﬂight altitude is the altitude of the aircraft above ground. The NO2-proﬁle and the ﬂight altitude
determine the sensitivity of the measurements for the absorber, becauseonly part of the photons
received at the instrument may have passed through atmospheric layers close to the ground, see 4..

Figure 4.10: Sketch illustrating the angles and 3 possible light paths

In general, the measurement sensitivity towards the presence of an absorber decreases towards the
ground, and this effect gets more pronounced for increasing flight altitude. The ground spectral
surface reﬂectance determines the fraction of light reﬂected at the surface, which again depends on
the wavelength. Bright surfaces will increase the relative contribution of surface reflection to the
signal received at the aircraft, thereby increasing the sensitivity to absorbers located close to the
surface. Areas with a high surface reﬂectance in the ﬁtting window will therefore generally yield
lager dSCDs for the same amount of the trace gas present below the aircraft.
The viewing zenith angle is the deviation from the direct nadir observation geometry. As it increases,
the light paths get longer. The viewing zenith angle changes with the viewing direction, but is also
altered with the aircraft’s attitude. The relative azimuth angle is the difference between the solar
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azimuth and the viewing azimuth of the measurement. Following the SCIATRAN coordinate system,
the relative azimuth is defined as 0° if the instrument is pointed towards the sun and 180° for the
direction away from the sun. The solar zenith angle is the angle between the zenith and the center
of the sun's disc. The SZA has a large influence on the length of the light path through the Earth’s
atmosphere.
The input parameters to SCIATRAN are either measured directly or are calculated from other known
parameters,see Table 4.11.
Table 4.11: Input parameters for the calculation of air mass factors and their sources
Variable
Flight altitude
Ground surface reflectance
Viewing Zenith Angle (VZA)
Relative Azimuth Angle (RAA)
Solar Zenith Angle (SZA)
Wavelength
NO2-Profile
Aerosols

Source
GPS + correction by DEM
Constant
Calculated (depends on viewing direction and
aircraft attitude)
Calculated (from viewing azimuth angle and solar
azimuth angle)
Calculated (from time and GPS location)
Center of fitting window
Box-profile in lowest 500 m
Derived from FUBISS-ASA2 measurements

The unknown parametersare the trace gas-proﬁle, the surface reﬂectance and the aerosol load and
profile for which approximations have to be estimated.
Trace gas profile
In the currentapproach we assume a simple box proﬁle of NO2, with a homogeneous mixing ratio
within the lowest 500 m. This assumption may hold true for the measurements above Bucharest
where the major NOx emissionsarise from traffic. The profile assumption is not likely for the
emissions of the power plant in Turceni because the exhaust stacks will inject the NOxand
SOxemissions into higher altitudes.
Surface reflectance
The surface reflectance is approximated from the measured intensities in the fitting window. In
order to derive the surface reflectance a 6 step procedure is applied to correct for atmospheric
effects. This atmospheric correction is carried out using a look-up table (LUT) approach. A more
detailed description of the method along with tests on the quality of the surface reflectance data
can be found in (Meier et al. 2016).
A reference area with a known surface reflectance is identified which is large enough to contain
several measurement footprints. This reference area and its albedo is taken from the ADAM
database (Prunet et al. 2013).
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As for the trace gas retrieval, the individual viewing directions area treated separately. For each
measurement of one viewing direction with a footprint in the reference area 𝑖, the intensity is
averaged to the value 𝐼𝑚𝑒𝑎𝑠𝑅𝑒𝑓 :
𝐼𝑚𝑒𝑎𝑠 𝑅𝑒𝑓 =

1
∑𝐼
(𝐻 , 𝑉𝑍𝐴𝑖 , 𝑅𝐴𝐴𝑖 , 𝑆𝑍𝐴𝑖 , 𝜆)
𝑛 𝑚𝑒𝑎𝑠𝑖 𝑖

A LUT of modeled intensities at the aircraft is queried for each individual observation geometry of
the measurements in the surface reflectance reference area at the surface reflectance value of that
area 𝐴𝑅𝑒𝑓 , to calculate the mean modeled intensities in reference region:
𝐼𝑚𝑜𝑑 𝑅𝑒𝑓 =

1
∑𝐼
(𝐻 , 𝑉𝑍𝐴𝑖 , 𝑅𝐴𝐴𝑖 , 𝑆𝑍𝐴𝑖 , 𝐴𝑅𝑒𝑓 , 𝜆)
𝑛 𝑚𝑜𝑑𝑖 𝑖

In the next step, each measured intensity is normalized to match the modeled intensities, by scaling
with the ratio of modeled and measured intensities above the surface reflectance reference region.
This procedure assumes, that the uncalibrated intensities of AirMAP can be calibrated using a single
factor per viewing direction, derived over the surface reflectance reference region.
𝐼𝑠𝑐𝑎𝑙𝑒𝑑 = 𝐼𝑚𝑒𝑎𝑠 ×

𝐼𝑚𝑜𝑑 𝑅𝑒𝑓
𝐼𝑚𝑒𝑎𝑠 𝑅𝑒𝑓

For each measurement, a vector of corresponding modeled intensities for the observation geometry,
and all surface reflectancesis retrieved from the LUT.

The surface reflectance for the ground scene is then determined by selecting the respective surface
reflectance value, for which the modeled intensity from the LUT best fits the scaled measured
intensity. In order to improve accuracy, linear interpolation is applied to determine the surface
reflectance.

The procedure described above was only used for the analysis of the measurements above
Bucharest. For the measurements at the Turceni power plant, a constant surface reflectance of 0.03
was assumed for the measurements in the UV spectral range. The method described above cannot
be applied to the measurements in Turcenias the ADAM database has a spatial resolution of
0.1° x 0.1°.Therefore the area covered by the mapping pattern does not cover a whole ADAM grid
cell.
Aerosol load
In order to account for aerosols in the radiative transfer simulations, measurements from the
FUBISS-ASA2 instrument are used, that were performed on the same aircraft. Due to restrictions of
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the air space, the FUBISS-ASA2 measurements were not performed above the city of Bucharest.
However, aerosol profiles were measured for each flight in Bucharest in the vicinity of the city. The
aerosol profiles used in the RTM simulations are shown in Figure 3.11

Figure 3.11: Aerosol profiles derived from FUBISS-ASA2 measurements in the vicinity of Bucharest that were
used for RTM calculations. For all RTM simulations an asymmetry factor of 0.7, an Angstrom coefficient of 1.5
and a single scattering albedo of 0.9 was assumed. The legend shows the day of the flight. The letters a and b
refer to the morning and afternoon flights respectively. The legend also shows the corresponding aerosol
optical depth (AOD).

4.8 SWING (BIRA)
The data analysis of SWING measurements consists of three steps: (i) a DOAS analysis of the spectra
(ii) the georeferencing of these slant columns, (iii) the conversion to vertical column using air mass
factors.
DOAS analysis
The first step is achieved with the QDOAS software (Danckaert et al, 2014) using the settings
presented in table 4.12.

Wavelengh range
Cross sections

SO2
305-325 nm
SO2 295 K (Vandaele et al., 1994)
O3 223K (Serdyuchenko et al., 2014)
Ring (Chance and Spurr, 1997)

Polynomials
5
Table 4.12 DOAS settings used to analyze the SWING spectra

NO2
425-500 nm
NO2 room temp. (Van Daele et al.,
1998)
O3 223K (Serdyuchenko et al., 2014)
H2O 296 K (Rothman, 2010)
O4, 293 K (Thalman et al., 2013)
Ring (Chance and Spurr, 1997)
Polarization structure measured in
the lab
5
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Note that in the NO2 fit, a cross section of polarization is taken into account. This cross section was
derived from measurements of polarization sensitivity in the BIRA lab, which were done with a
camera polarizer. The structure of this pseudo-cross section can be seen in Figure 4.12.

Figure 4.12: Polarization sensitivity cross section introduced in the NO2 fit

Figure 4.13 shows examples of a DOAS fit of SO2 and NO2 in one of the SWING spectra recorded
downwind of the Turceni power plant during AROMAT-2 (28 August 2014). For this analysis, the SNR
(understood as the ratio between the slant and its error) is 25 for the SO2 fit and 56 for the NO2 fit.
This SNR also indicates the typical 1-sigma detection limit for SO2 and NO2, respectively 2e16
molec.cm-2 and 1.8e15 molec.cm-2.

Figure 4.13: Typical DOAS fits of SWING spectra from the Turceni flight (9h59 UT, 28 August 2015)

The outcome of the DOAS analysis is the time series of DSCDs, of which an AROMAT-2 example can
be seen in Fig. 4.14, also corresponding to the Turceni flight of 28 August 2015.
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Figure 4.14: Time series of NO2 and SO2 DSCDs measured with SWING during the Turceni flight (28 August
2015)

4.2 Georeferencing of the slant columns
The second step of the SWING data analysis implies to assign a position to each measurement first
on the Cessna track and then on the ground. As the SWING instrument does not have an integrated
IMU and GPS, it is necessary to merge the SWING DSCDs with the navigation data measured on the
Cessna with the FUB navigation system.
During the AROMAT-2 Turceni flight and during AROMAPEX, SWING PC time could be set accurately
with a FTP time server. For the Bucharest flight of AROMAT-2, that was not the case due to the
absence of operator on site, and thus we used the coincident AirMAP measurements to adjust the
SWING time. This was done optimizing the correlation between Swing and AirMAP time series,
which yielded a time resolution of 1 to 2 s which should be kept in mind when working with the
SWING Bucharest AROMAT-2 data.
Once time-referenced, we applied the geometric formulas mentioned by Schonardt et al. (2015) to
georeferenced the DSCD measurements.
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Figure 4.15: Correlation coefficients between SWING and AirMAP for the NO2 slant columns and the intensities
as a function of applied time offset.

4.3 Conversion to vertical columns
The DSCD retrieved by the DOAS analysis is related to the tropospheric vertical columns (VCDt) by
the following expression
𝐷𝑆𝐶𝐷 = 𝐴𝑀𝐹𝑡 ∗ 𝑉𝐶𝐷𝑡 + 𝑆𝐶𝐷𝑆 − 𝑆𝐶𝐷𝑟𝑒𝑓
Where SCDsis the stratospheric slant column density, AMFtis the tropospheric air mass factor,
andSCDref the residual column in the reference spectrum. Considering that this reference spectrum
was chosen in a clean area and that the flights were performed in the middle of the day when the
stratospheric column does not vary much, SCDs and SCDref can be assumed to cancel each other, the
DSCD can be considered as the tropospheric slant column, and thus VCDtsimply expressed as:
𝑉𝐶𝐷𝑡 =

𝐷𝑆𝐶𝐷
𝐴𝑀𝐹𝑡

The tropospheric air mass factor relates the slant column, which depends on the light path of the
measurement and is thus strongly dependent on the observation geometry and atmospheric state,
to the more geophysically relevant vertical column.
As for the BIRA Mobile-DOAS data analysis, the AMFs for SWING were calculated with the DISORT
radiative transfer model (Mayer and Kylling, 2005). Table x presents the settings used to calculate
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the AMF for the three sampled zones. Look-up tables of AMFs were calculated with these
parameters and interpolated to retrieve AMFs for each individual measurement.
Table 4.13: Look-up tables of AMFs

Turceni
Bucharest
Lambda (nm)
320,460
460
Albedo
0.03
0.05
Visibility (km)
20
20
NO2 profile
500m box profile
500m box profile
Viewing angle
0,15,30,45,60
0,15,30,45,60
Rel. Azimuth
0,45,90,135,180
0,45,90,135,180
Solar zenith angle
35
30,40,50,60,70
Table x Parameters used for the AMF calculation with DISORT

Berlin
460
0.01:0.02:0.35
20
900m box profile
0,10,20,30
0,45,90,135,180
40,50,60,70

As mentioned by Meier et al., (2015) and Tack et al. (2016) the most important parameters for the
AMF of airborne nadir measurement is the surface albedo. We assumed a fixed albedo for the
AROMAT-2 data (respectively 0.03 and 0.05 for Turceni and Bucharest), which thus yields our largest
source of uncertainty. Regarding the Berlin data, we used the APEX surface reflectance
measurements. Figure 4.16 presents some of the air mass factors used with the SWING DSCDs.

Figure 4.16: Air mass factors used for SWING with respect to albedo, for two solar positions

Error Analysis
Considering the formula of VCDtgiven above, the error propagation on the DSCD (σDSCD) and the AMF
(σAMF) leads to :
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2
𝜎𝐷𝑆𝐶𝐷 2
𝐷𝑆𝐶𝐷
𝜎𝑉𝐶𝐷 = √(
) +(
∗
𝜎
)
𝐴𝑀𝐹
𝐴𝑀𝐹 2 𝐴𝑀𝐹

In practice, for the error on the DSCD, we used the standard output of QDOAS. The uncertainty on
the air mass factor (σAMF) is different for AROMAT-2 and AROMAPEX since for the second campaign
an information on the albedo (from APEX measurements) was available, and this albedo is a key
parameter for the AMF.
Regarding AROMAT-2, the uncertainty on the AMF was estimated lie around 40% from radiative
transfer simulations varying the ground albedo, absorber profiles, and aerosol content. For
AROMAPEX, this AMF uncertainty is reduced to 20%.

4.9 SO2 camera (BIRA)
Royal Belgian Institute for Space Aeronomy (BIRA-IASB): Coordinated an experiment to measure
the SO2 fluxes from the Turceni power plant plumes utilizing multiple UV/IR camera systems.

th

Figure 4.17: Photography of the Turceni power plant (evening of the 24 of August 2015).

The cloud shown Fig. 4.17 is similar to the one over which the Cessna airplane from the University
Free of Berlin flew over on 28 August 2015.
The time of the fly over the power plant was from 09:50 to 10:30 UTC on 28 August. 3 instruments
have been installed onboard the Cessna, as shown by Fig. 4.18. This report focuses on the
measurements recorded by the EnviCam3. This instrument is a commercial camera system from
NicarnicaAviation dedicated for measuring SO2 gas emissions from volcanoes and industry. It
features dual UV cameras (16 fps, fov 11.7°x15.4°), a spectrometer (250-400 nm, fov 0.5°*0.03°,
spectral resolution 0.8 nm) an integrated computer and hard drive storage all housed inside the
aluminium, weather resistant casing. The instrument can be easily operated using a tablet which
mounts to the side of the case or using a connection to the web interface with a computer.

Page60 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Figure 4.18: Photography of the 3 instruments installed onboard Cessna (fly over Turceni on 28 Aug. 2015).

Figure 4.19: EnviCam3 SO2 camera (left) and example of measurements in Antwerp Harbor (June 2015).

During the AROMAT-2 campaign, the EnviCam3 camera was operated from the FUB Cessna, pointing
to nadir in coincidence with the AirMAP and SWING instruments. This experiment was, to our
knowledge, the first attempt of operating such an SO2 camera from a plane in nadir geometry.
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4.10 ULM DOAS (UGAL)
The analysis of the measured spectra was performed using the QDOAS software (Danckaert et al.,
2016). For the NO2 fit, the spectral window of 425–490 nm was used. The NO2 spectral analysis
included five absorption cross sections: the NO2 cross sections at 298 K and 220K (Vandaele et al.,
1998), the O3 cross section at 295 K (Coheur et al., 2002), the O4 cross section
(http://www.aeronomie.be/spectrolab/o2.htm) and a Ring spectrum (NDSC, 2003). A fifth degree
polynomial to account for scattering processes and broad-band absorption in the atmosphere was
used in the DOAS analysis. The direct result of the spectral analysis is a differential slant column
density (DSCD), which is the integrated trace gas concentration along the light path through the
atmosphere. The DSCD is the difference between the slant column densities in the measured spectra
(SCDmeas) and the Fraunhofer reference spectrum (SCDref). The NO2 amount in the Fraunhofer
reference spectrum is unknown and its retrieval is important for the determination of the SCDmeas,

Figure 4.20: Example of a DOAS fit realized with the QDOAS software; the analyzed spectrum was recorded
th
close to Turceni power plant, on August 28 2015. Black line corresponds to molecular cross-sections scaled to
the detected absorptions in the measured spectrum (red line).

The SCD is converted to a Vertical Column Density (VCD) trough Air Mass Factor, (AMF)
which is defined as the ratio between SCD and VCD :

AMF 

SCD
VCD

Since the measured spectra contain information about both stratospheric and tropospheric
NO2 content, the SCDmeas can be written as:

SCDmeas  AMFtropo  VCDtropo  AMFstrato  VCDstrato
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Figure 4.20a: AMF simulations obtained from RTM calculations using UVspec/DISORT for various input
parameters for ULM-DOAS observations (nadir geometry)

Figure 4.20a presents the AMF simulations obtained from RTM calculations using UVspec/DISORT for
various input parameters for ULM-DOAS observations, measurements performed in nadir geometry.

4.11 Mobile DOAS (BIRA UV and VIS systems)
The data analysis of the BIRA mobile DOAS observations consists of two steps: (i) the DOAS analysis
which extracts the slant columns from the fitted absorptions in the spectra and (ii) the conversion of
these slant columns to vertical columns, which corrects the slant column for its light path.
The first step is achieved for both systems with the QDOAS software (Danckaert et al, 2014) using
the settings presented in table x It leads to georeferenced time series of differential slant column
densities.

Wavelengh
range
Cross
sections

SO2
312-327 nm

NO2
425-515 nm

H2CO
324.3-359 nm

SO2 295 K (Vandaele et
al., 1994)
O3 223K (Serdyuchenko
et al., 2014)
Ring (Chance and Spurr,
1997)

NO2 room temp. (Van
Daele et al., 1998)
O3 223K (Serdyuchenko et
al., 2014)
H2O 296 K (Rothman, 2010)
O4, 293 K (Thalman et al.,
2013)
Ring (Chance and Spurr,
1997)
Polarization structure
measured in the lab

H2CO 297K (Meller, 1992)
NO2 room temp. (Van
Daele et al., 1998)
O3 223K (Serdyuchenko et
al., 2014)
O4, 293 K (Thalman et al.,
2013)
BrO, 223K (Fleischmann,
2004)
Ring (Chance and Spurr,
1997)

Polynomials 5
5
5
Table 4.14 DOAS settings used to analyze the BIRA Mobile-DOAS spectra
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Figure 4.21 and figure 4.22 present DOAS fits of NO2 (with both kind of spectrometers) and of SO2
and H2CO (with the XL spectrometer).

Figure 4.21: Typical DOAS fits of NO2 with the two spectrometers used in the BIRA MAX-DOAS

Figure 4.22: Typical DOAS fits of SO2 (in the Jiu Valley) and H2CO (in Bucharest) with the AvaSpec XL

Figure 4.23 presents typical time series of NO2 and SO2 as measured in the Jiu Valley, with
extremely sharp increases corresponding to the time when the car is under the plumes of the power
plants. On 27 August 2015, the car crossed different plumes since it drove between Rovinari and
Craiova.
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Figure 4.23: Example of measurements with the BIRA UV Mobile DOAS measurements in the Jiu Valley

Figure 4.24 presents the Zenith DSCD measurements performed during the golden day of
AROMAPEX (21 April 2016), as measured with the two models of spectrometers installed which were
installed on the same car. One can see that the XL spectrometer is less noisy but the overall
agreement is very good.

Figure 4.24: Comparisons of the BIRA Mobile-DOAS NO2 DSCDs with the UV and Visible spectrometer during
AROMAPEX (21 April 2016)

Page65 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

The second step of the data analysis (conversion from slant to vertical columns) is achieved in two
different ways for the two different instruments. We first introduce the algorithm used for the
zenith only spectrometer and then the algorithm used for the double spectrometer.
Zenith-only measurements
The tropospheric column is expressed as:
𝑉𝐶𝐷𝑡𝑟𝑜𝑝𝑜 =

𝐷𝑆𝐶𝐷 + 𝑆𝐶𝐷𝑟𝑒𝑓 − 𝑆𝐶𝐷𝑠𝑡𝑟𝑎𝑡𝑜
𝐴𝑀𝐹

Where DSCD is the differential slant column density, i.e. the output of the DOAS analysis performed
in the first step, SCDref is the slant column in the reference spectrum, SCDstrato is the stratospheric
slant column, and AMF the tropospheric air mass factor.
Viewing angle
Zenith only
Wavelength
325 nm
Absorber box
100m,300m,500m,700m,900m
profile
Surface visibility
5,10,15,20,25,30,35,40,45 km
Solar zenith
20,30,40,50,60,70,80,90°
angle
Albedo
0.01,0.03,0.05,0.07,0.09,0.11,0.13,0.15
Relative Azimuth 0
Table 4.15: Parameters used for the AMF calculations

Zenith and 30° above horizon
460 nm
100m,300m,500m,700m,900m
5,10,15,20,25,30,35,40,45 km
20,30,40,50,60,70,80,90°
0.01,0.03,0.05,0.07,0.09,0.11,0.13,0.15
0,30,60,90,120,150,180°

Table 4.15 presents the parameters that were used as inputs of the radiative transfer model DISORT
(Mayer and Kylling, 2005) to estimate the tropospheric air mass factors and its associated
uncertainties. Except the solar position which can be calculated accurately, the parameters (albedo,
visibility, height of the absorber) are not known. Thus the AMF for each solar position are averaged
and the standard deviation of the AMFs for this solar position is defined as its uncertainty. These
AMFs are used to build a look up table of two dimensions (SZA, RAA) on which we interpolate using
the calculated sun position.
Figure 4.25 presents the distribution of the zenith AMFs for the two wavelengths and for all solar
zenith angles. Maybe due to the enhanced scattering in the UV, the AMF distribution at shorter
wavelengths appears less broad.
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Figure 4.25: Zenith air mass factors histograms for the two wavelengths corresponding to SO2 and NO2 DOAS
fits

Propagating the uncertainties on all the elements of the previous equation and assuming
uncorrelated parameters yield a total uncertainty for the vertical column of:

𝜎𝑉𝐶𝐷

𝑡𝑟𝑜𝑝𝑜

𝜎𝑆𝐶𝐷𝑟𝑒𝑓 2
𝜎𝑆𝐶𝐷𝑠𝑡𝑟𝑎𝑡𝑜 2
𝜎𝐴𝑀𝐹 ∗ 𝑉𝐶𝐷𝑡𝑟𝑜𝑝𝑜 2
𝜎𝐷𝑆𝐶𝐷 2
√
= (
) +(
) +(
) +(
)
𝐴𝑀𝐹
𝐴𝑀𝐹
𝐴𝑀𝐹
𝐴𝑀𝐹

In practice, as the reference spectrum was chosen in a pristine area (a clean location of the Jiu
Valley), the tropospheric part of SCDref was neglected, and as the solar zenith angles of our
measurements generally are below 60°, the variation of SCDstrato was also neglected. Note that this
assumption is less valid for high SZA.

Double channel measurements
Regarding the measurements performed with the double channel system, we used the methodology
described in Merlaud (2013). It assumes that, on average, the two channels (zenith and off-axis) will
sample the same air masses. By using reference spectra recorded in the same conditions for both
channels, and under the realistic assumption that thestratospheric slant columns are the same for
the two channels, the stratospheric contributions and the reference columns cancel each other and
we can express the tropospheric column as:
𝑉𝐶𝐷𝑡𝑟𝑜𝑝𝑜 =

𝐷𝑆𝐶𝐷𝑜𝑓𝑓 − 𝐷𝑆𝐶𝐷𝑧𝑒𝑛
𝐴𝑀𝐹𝑜𝑓𝑓 − 𝐴𝑀𝐹𝑧𝑒𝑛

where AMFoff and AMFzen are the tropospheric air mass factors in the two directions. The AMFs and
their uncertainties were calculated in the same way as for the zenith only system described above.
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Figure 4.26 presents some of these zenith and off-axis AMFs for four different position of the sun.

Figure 4.26: Distributions of the tropospheric AMFs used for the BIRA Mobile DOAS retrieval for four different
sun position

Finally, the problem of the (possible) different NO2 field for the two channels is solved by splitting
the VCDtropo in two components: a smoothed part (VCD0tropo ) and the remaining structured
(VCD′tropo) part:
VCDtropo = VCD0tropo + VCD′tropo

The filtering is achieved with a sliding average of n (100) points.

𝐷𝑆𝐶𝐷𝑜𝑓𝑓 − 𝐷𝑆𝐶𝐷𝑧𝑒𝑛
0
〉
𝑉𝐶𝐷𝑡𝑟𝑜𝑝𝑜
=〈
𝐴𝑀𝐹𝑜𝑓𝑓 − 𝐴𝑀𝐹𝑧𝑒𝑛 𝑛
The structured part of the vertical column is expressed only with DSCDzen,wich is less affected by
obstructions:
′
𝑉𝐶𝐷𝑡𝑟𝑜𝑝𝑜
=

𝐷𝑆𝐶𝐷𝑧𝑒𝑛 − 〈𝐷𝑆𝐶𝐷𝑧𝑒𝑛 〉𝑛
𝐴𝑀𝐹𝑧𝑒𝑛

The error analysis of the two aforementioned equations leads to:
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0
𝑉𝐶𝐷𝑡𝑟𝑜𝑝𝑜
𝜎
∆𝐴𝑀𝐹 𝐴𝑀𝐹

From the look up table described above, this error is assumed to be constant and 10% of VCD0tropo .
𝜎

2
′
𝜎2
𝐷𝑆𝐶𝐷𝑧𝑒𝑛 𝑉𝐶𝐷𝑡𝑟𝑜𝑝𝑜
2
+
𝜎𝐴𝑀𝐹
2
2
𝑧𝑒𝑛
𝐴𝑀𝐹𝑧𝑒𝑛
𝐴𝑀𝐹𝑧𝑒𝑛

′
𝑉𝐶𝐷𝑡𝑟𝑜𝑝𝑜
=√

These error components are summed in quadrature, which yields the total error on the vertical

4.12 Mobile DOAS (MPIC)
Spectral analysis
The target species analysed so far are NO2, SO2, and HCHO. The properties of the different analyses
are summarised in Table 2. It should be noted that:
a) NO2 was analysed and submitted from both instruments (for AROMAPEX only from tube-MAXDOAS), and very good agreement between both analyses was found (see Fig. 4.27).
b) HCHO was analysed from both instruments but only provided from the tube-MAX-DOAS
instrument because of the much better data quality (see Figs. 4.28, 4.29).
c) SO2 was analysed and submitted from both instruments (only for AROMAT-2). However, it should
be noted that for low SO2 levels, only the Mini-MAX-DOAS instruments provides useful results
(because of the better suited spectral range, see Fig. 30). The comparison of the SO2 DSCDs from
both instruments shows in general good agreement for low SO2 DSCDs (< about 1018 molec/cm²), but
that for larger SO2 DSCDs the values retrieved from the Mini-MAX-DOAS systematically
underestimates the actual SO2 DSCD (see Figs. 30 and 31).

Table 4.16 Overview about the properties of the different spectral analyses
NO2 (vis)
Wavelength
range
Polynomial
degree
Intensity offset
Ring spectrum

400 – 453 nm

SO2 Mini-MAXDOAS
312 – 330 nm

SO2 tube-MAXDOAS
318 – 330 nm

HCHO tube-MAXDOAS
324 – 359 nm

5

5

5

5

constant
Two Ring spectra
calculated from
Fraunhofer
reference spectrum
using DOASIS

constant
One Ring spectrum
calculated from
Fraunhofer
reference spectrum
using DOASIS

constant
One Ring spectrum
calculated from
Fraunhofer
reference spectrum
using DOASIS

Trace gas cross
sections

NO2 (Vandaele,
294K)

SO2 (SCIAMACHY,
293K)

SO2 (SCIAMACHY,
293K)

constant
Two Ring spectra
calculated from
Fraunhofer
reference
spectrum using
DOASIS
HCHO (Meller,
29K)
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294K)
O3 (Bogumil,
223K, Io
correction)
O3 (Bogumil,
243K, Io
correction)
O4 (Thalman,
293K)
Bro Wilmouth

(228K)

Uncertainties:
For low DSCD the uncertainties are dominated by the signal-to-noise ratio of the spectral analysis,
and are estimated by the fit error of the DOAS analysis. For high DSCDs the uncertainties are
dominated by the uncertainties of the geometric approximation (typically < 20%).
For very high SO2 amounts the SO2 absorption of the standard analysis might be saturated. In such
cases, the retrieved SO2 DSCDs (and VCDs) are systematically underestimated. This uncertainty can
be largely reduced using a modified SO2 analysis in a wavelength range shifted towards longer
wavelengths as for the tube-MAX-DOAS.
Spectral analyses
Mini-MAX-DOAS

Tube-MAX-DOAS

26.08.2015, 9:00UTC

26.08.2015, 9:06UTC

Fig. 4.27: Examples of the spectral NO2 analysis for both instruments.
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Fig. 4.28: Comparison of the NO2 DSCDs derived from both instruments for 1 September 2015.

Mini-MAX-DOAS

Tube-MAX-DOAS

31.08.2015, 9:01UTC

31.08.2015, 9:03UTC

Fig. 4.29: Examples of the spectral HCHO analysis for both instruments.
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Fig. 4.30: Comparison of the HCHO DSCDs derived from both instruments for 31 August 2015.

Mini-MAX-DOAS

Tube-MAX-DOAS

25.08.2015, 11:45UTC

25.08.2015, 11:45UTC

Fig. 4.31: Examples of the spectral SO2 analysis for both instruments.
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Fig. 4.32: Comparison of the SO2 DSCDs derived from both instruments for 24 August 2015.

Fig. 4.34: Effect of the selection of the spectral range for the SO2 analysis.
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Retrieval of the NO2 VCDs
For NO2 , the following procedure (see also Wagner et al., 2010). (Wagner, T., Ibrahim, O.,
Shaiganfar, R., and Platt, U.: Mobile MAX-DOAS observations of tropospheric trace gases, Atmos.
Meas. Tech., 3, 129-140, doi:10.5194/amt-3-129-2010, 2010.)
In the first step, a time-dependent offset is derived from the NO2 dSCDs retrieved from 90° and 22°
elevation angles:
DSCDoffset SZA 

AMFtrop 90  DSCDmeas    AMFtrop    DSCDmeas 90
AMFtrop    AMFtrop 90

Here we use the geometric approximation for the calculation of the tropopsheric air mass factors
(AMF). This offset is displayed in Fig. 4.35 (middle panel).
In the next step a simple functional curve is fitted to the time-dependent offset:

DSCDoffset ( SZA)  SCDref  VCDstrat 

1
cos(SZA)

Here the first term on the right side represents the NO2 DSCD of the Fraunhofer reference spectrum.
The second term on the right side represents the stratospheric NO2 DSCD, which is expressed as
stratospheric NO2 VCD times the stratospheric AMF. Here it is assumed that a) the stratospheric
NO2VCD is constant during the measurements and b) the stratospheric AMF can be approximated by
a simple geometric AMF. Both assumptions are roughly fulfilled for SZA < 80°. In the last step the
fitted time dependent NO2 DSCD offset is added to the NO2 DSCDs derived from the measurements
at 22° elevation angle, and the sum is then divided by the tropospheric AMF for 22° elevation angle:

VCD 

DSCD22 ( SZA)  DSCDoffset SZA
1
sin( 22)

The resulting tropospheric NO2 VCD is presented in Fig. 4.35 (bottom).
Compared to other methods, our approach has two important advantages:
a) Even for cases with low and homogenous tropospheric NO2 VCDs, a realistic tropospheric NO2 VCD
can be retrieved. For measurements using only zenith observations such situations are problematic,
because it will be difficult (if not impossible) to determine the NO2DSCD of the Fraunhofer reference
spectrum.
b) Because of the use of a low elevation angle, the sensitivity for tropospheric NO2 is larger that for
measurements using only zenith observations.
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Despite of these advantages there is also an important limitation: if measurements are performed in
the vicinity of localised and strong emission sources (e.g. close to power plants), the basic
assumption of the method is not fulfilled: that on average observations at all elevation angles probe
the same air masses. Thus in such cases, this method has to be slightly modified and applied with
care. The respective modifications which are applied for SO2 are described in detail in the next
section.

Fig. 4.35: Different steps of the retrieval of NO2 VCDs. Top: NO2 dSCDs for both elevation angles (22° and 90°).
Slightly higher values are found for 22° elevation indicating the presence of tropospheric NO 2. Middle: The red
curve represents the model function to the derived dSCDoffset (blue). Bottom: The resulting tropospheric NO2
VCD derived from the measurements at 22° elevation angle.

Retrieval of the SO2VCDs
Because of the limitations of the approach described above for localised emission plumes (and
because no significant stratospheric absorption has to be considered for SO2), for the conversion
from SO2 dSCDs into SO2 VCDs a slightly different method is applied:
Like for NO2 an offset function is calculated (Fig. 4.35 middle). However, now data from
measurements with very high SO2 dSCDs (from the power plant plume) are excluded, because they
don’t fulfill the requirement of horizontal homogeneity. Also for the model function (equation 2)
only the first (constant) term on the right side is considered, because the stratospheric SO2
absorption is negligible (the red line simply describes the average of the blue values). In the final
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step the offset value is added to the measured dSCDs at 22° elevation and the SO2 VCDs are
calculated using the geometric approximation.
Despite these modifications it should be noted that the derived SO2 VCDs of the power plant plumes
have to be still interpreted with care because no horizontally homogenous layers are expected: in
some of these cases, even the SO2 DSCDs might be the better suited quantity for the geophysical
interpretation of the measurement results, i.e. the SO2 DSCD might better represent the integrated
SO2 concentration across the diameter of the observed plume.
The red curve represents the average of the derived dSCDoffset. Bottom: The resulting tropospheric
SO2 VCD derived from the measurements at 22° elevation angle.

4.13 Zenith-Sky Mobile-DOAS (UGAL)
The analysis of the zenith-sky spectra recorded during AROMAT-2014 was performed using the
QDOAS 2.0 software, a program dedicated to the DOAS retrieval of atmospheric trace gases from
ground-based and satellite measurements. The analysis is focused only on NO2 and SO2.
NITROGEN DIOXIDE (NO2)
Spectral analysis
Table 4.17 presents the settings used on QDOAS to retrieve the NO2 DSCDs. The DOAS NO2 analysis
was performed using a reference spectrum with a low NO2 content, this spectrum was recorded on
02 Septmeber 2014 at 9:00:00 at the periphery of Bucuresti city. This spectrum was selected to
represent and to determine the NO2 amount in the reference spectrum. An exemple of NO2 spectral
fitting by QDOAS is represented in Figure 4.36.
Table 4.17. NO2 DOAS analysis settings

Wavelength range
Gaps
Polynomial degree
Intensity offset
Ring spectrum
Trace gas cross
sections

NO2 – NITROGEN DIOXIDE
425-490 nm
none
5
constant
NDSC Ring
no2_298K_vanDaele.xs
no2_220K_vanDaele.xs
o3_223K_Bogumil.xs
Ring_NDSC2003.xs
H2O_HITEMP_2010_390700_296K_1013mbar_air.txt
O4_thalman_volkamer_293k_air.txt
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Figure 4.3: Example of a DOAS fit realized with the QDOAS software; the analyzed spectrum was recorded close
th
to Turceni power plant, on August 28 2015. Black line corresponds to molecular cross-sections scaled to the
detected absorptions in the measured spectrum (red line).

VCD conversion
Tropospheric NO2 VCD retrieval is based on the algorithm presented by Constantin et al., 2013. This
method presents three steps. First the NO2 amount in the reference spectrum is determined from
ground-based measurements performed at twilight-sunset, using a photo-chemically modified
Langley plot. The second step consists in determining the stratospheric NO2 SCD content by means
of the assimilated vertical stratospheric column from the satellite DOMINO NO2 product (Table 3). To
determine the diurnal variation of stratospheric NO2, PSCBOX model simulations were used. Finally,
the tropospheric VCD was determined using a tropospheric AMF calculated with the RTM
UVspec/DISORT. The NO2 profile used for AMF calculations for Turceni DOAS observations is based
on the KNMI NO2 sonde measurements. For Bucuresti, the AMF calculations are based on an NO2
profile retrieved from CHIMERE model having as source Timisoara city.
Below are introduced the equations used for the tropospheric NO2 retrieval:

AMF 

SCD
VCD

The total slant column density in a measured spectrum (SCDmeas) is defined by:

SCDmeas  DSCD  SCDref
where the Fraunhofer reference spectrum or SCD reference (SCDref) is unknown.
Stratospheric and tropospheric content of NO2 contribute to the measured slant column density,
according to:

AMFtropo  VCDtropo  AMFstrato  VCDstrato  DSCD  SCDref
Thus the VCD of NO2 in the troposphere is given by
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DSCDmeas  SCDref  AMFstrato  VCD strato
AMFtropo

where AMFstrato and AMFtropo are the stratospheric and tropospheric AMFs respectively.
The VCDstrato used for retrievals was extracted from OMI (DOMINO) v2.0.
The NO2 amount in the reference spectrum was obtained from ground-based zenith-sky
observations at sunrise.
Tropospheric AMF simulations
The AMFs simulations presented in this report were performed using the radiative transfer model
(RTM) UVspec/DISORT. For the tropospheric AMF simulations over Bucuresti was used an NO2
profile from Timisoara (Romania) obtained from the CHIMERE model. For Turceni observations was
used a profile recorded in Turceni by the KNMI NO2 sonde. The AMFtropo simulations were made by
setting a grid of 10 km altitude and the wavelength for NO2 simulations at 440 nm. Also was set an
albedo of 0.1 and a vibility of 10km.
Error analysis
Each parameter used in the determination of tropospheric VCD has a contribution to the accuracy of
the final retrieval. The error propagation on tropospheric VCD (σVCD) can be expressed by:
2
2
2
2 
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σ
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Each error is explained below:
- the error on the DOAS fitting (σDSCD) is determined by QDOAS. This error is generally less than
1x1015molec./cm2.
- the error on the estimation of the slant column in the reference spectra (σSCDref) was obtained by
running the Langley plot for SZA=90-80°, σSCDref=5.12x1014molec./cm2.
- the error on the stratospheric SCD (σSCDstrato) is the uncertainty on the assimilated stratospheric
slant column from DOMINO data product v2.0. This error is based on observation-forecast statistics
and is estimated to be 2.5 × 1014 molec./cm2.
- the error from the AMF simulations(σAMFtropo)is the error resulted from AMF simulations.The
AMFtropo uncertainties are estimated at 10%–20%, for SZA increasing from 20° to 85°.
The typical error on the retrieved NO2 tropospheric VCD generally is less than 25%.
SULPHUR DIOXIDE (SO2)
Spectral analysis
Fot the analysis of the SO2 DSCD was selected a spectrum with a very low SO2 content. Due to the
very low SO2 amount in the SCDref the DSCD is considerd as SCD. DSCD was neglected when the
troposheric SO2 VCD was calculated. Table 4 introduces the DOAS settings and cross-section used for
the SO2 retrieval from the spectra recorded during AROMAT-2. An exemple of SO2 spectral fitting is
represented in Figure 4.37.
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Table 4.18. SO2 DOAS analysis settings

Wavelength range
Gaps
Polynomial degree
Intensity offset
Ring spectrum
Trace gas cross
sections

SO2 – SULFUR DIOXIDE
305– 325 nm
none
5
constant
yes
o3_223K_Bogumil.xs
so2_294K_vandaele.
Ring conv.
o3a_243K_Bogumil.xs

Figure 4.37: Example of a DOAS fit realized with the QDOAS software; the analyzed spectrum was recorded
th
close to Turceni power plant, on August 28 2015. Black line corresponds to molecular cross-sections scaled to
the detected absorptions in the measured spectrum (red line).

FORMALDEHYDE (HCHO)
Spectral analysis
Table 4.19: .HCHO DOAS analysis settings

Wavelength range
Gaps
Polynomial degree
Intensity offset
Ring spectrum
Trace gas cross
sections

FORMALDEHYDE (HCHO)
324.5-359 nm
none
5
constant
NDSC Ring
no2_298K_vanDaele.xs
bro_223K_Fleischmann.xs
hcho_297K_Meller.xs
o3a_243K_SDY_air.xs
o3_223K_SDY_air.xs
Ring_QDOAScalc_HighResSAO_Norm.xs
o4_thalman_volkamer_293K_inAir.xs
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Figure 4.38: Example of a DOAS fit realized with the QDOAS software; the analyzed spectrum was recorded
th
close to Turceni power plant, on August 31 2015. Black line corresponds to molecular cross-sections scaled to
the detected absorptions in the measured spectrum (red line).

4.14 SO2 cameras (INOE/NILU)
Analysis principle
The basis for the SO2 UV camera is the measurement of the light absorption of SO2 in a narrow
wavelength region where SO2 is highly absorbing (typically around 310 nm) using a UV-sensitive CCD
detector placed behind an on-band-pass interference filter (Mori and Burton, 2006; Bluth et al.,
2007). The influence of aerosols/water droplets on the measured optical depth can be corrected by
using a second, off-band filter (around 330 nm where SO2 absorption is negligible) (Mori and Burton
2006; Kern et al 2010). Camera systems deployed used either a single UV-sensitive camera and a
filter wheel or two UV-sensitive cameras with a filter mounted in front of the CCD detector. Based
on the Beer-Lambert-Bouguer law, an SO2 apparent absorbance τAA can be retrieved as 𝜏𝐴𝐴 =
𝐼

ln ( 𝐼𝑜 )

𝑜𝑛

𝐼

− 𝑙𝑛 ( 𝐼𝑜 )

𝑜𝑓𝑓

with I the measured dark-corrected light intensity that has penetrated the

plume and Io the dark-corrected background intensity. The background intensity is modelled using
the SO2free intensity aside of the plume and/or a background image recorded pointing towards an
SO2 free region. The UV cameras are calibrated using an integrated USB spectrometer (USB 2000+
from Ocean Optics, 280-420 nm), which samples a small area of ~0.6° of the total image within the
field of view of the cameras (analogue to Lübcke et al. (2013). The standard DOAS analysis is
performed in the wavelength region of 314.8-326.8 nm, using one Ring spectrum, the SO2crosssection (298 K) from Vandaele et al (2009), O3(221 K) from Burrows et al (1999), and are fitted.Large
calibration cell with known amount of SO2are used to correct for the sensitivity variations across the
CCD. If the observations were made at distances above ~2 km, a simple light-dilution correction is
applied using the measured aerosol extinction during the day of the observation. At this stage, we
do not correct for RT effects within the plume (like multiple-scattering, see e.g. Kern et al., 2013).SO2
fluxes are calculated
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𝑧

𝑠𝑒 = 𝑤 ∗ 𝑣𝑝 , 𝑤 = ∫𝑧 0 𝜌𝑆𝑂2 (𝑧)𝑑𝑧 with the average plume speed 𝑣𝑝 and the integrated SO2 path
1

concentration 𝑤.𝑣𝑝 is retrieved from the displacement of features (cross-correlation along two
parallel lines across the plume) or on a super-pixel base using an optical flow algorithm (adapted
from the methodology we used in Stebel et al., 2015).
Ground-based IR cameras exploit the spectral absorption of thermal radiation in an on-band (~8.6
µm) compared to the off-band view at ~12 µm. Compared to the UV instruments, the IR cameras
have lower sensitivity (ca. 0.2 g m-2), but they can operate during night-time. The methodology for
the SO2 retrieval from IR cameras is described in Prata and Bernardo (2014). The retrieval scheme
uses measurements at three wavelength channels centred at 8.6, 10 and 11.7 µm. Accurate
temperature calibration of the IR sensor is critical for the SO2 retrieval. The instrument is calibrated
in the laboratory using a black-body (BB) source and a shutter based in field temperature calibration.
Unfortunately, the latest laboratory BB calibration of IR instruments was done some years ago,
therefore we aim at post-calibration the cameras in 2017.
Data products
Data from the SO2 cameras taken during AROMAT-II will be available on request in 2017. Data
products are: 2d-images with SO2 slant column densities [molecules cm-2], plume speeds: averaged
velocities (1d) or if possible, 2d-velocities [m/s], and SO2 fluxes for each stack and total [g/s]. 2d-SCD
arrays and time-series are written as ascii/numpy-arrays.
Example results
As an example SO2 SCD images and SO2 fluxes for three times during the 24th of August 2015 are
shown in Figure 4.39. The observations were done one a timescale up to 1 Hz at max. They reveal
the large variations of the emissions seen during the frame of a day and throughout the campaign
period.

th

Fig. 4.39: Example results from the 24 of August 2015. Shown are SO2 SCD images and SO2fluxes for three
times.
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4.15 ALTIUS VIS channelbreadboard (BIRA)
The main equations describing the measurement principle are given below, starting with a table
listing the variables used in these equations (Table 0). A more elaborated mathematical framework
can be found in Dekemper et al. (2016).
Table 4.20: Description of the variables used in the measurement principle equations.

ij

coordinates of a pixel located on row i and column j which looks at the plume
coordinates of a pixel located on row m and column n which looks at the
mn
background
λ
optical wavelength
λc
central wavelength of the AOTF passband
λw
wavelength where there is weak absorption by NO2
λs
wavelength where there is strong absorption by NO2
σ
absorption cross-section of NO2
photoelectric current registered in pixel ij and proportional to the observed
Cij(λc)
radiance captured in the FOV of pixel ij with the AOTF set to filter at λc
Iij(λ)
spectral radiance of the scene captured in the FOV of pixel ij
I0(λ)
scene background spectral radiance
G(λ)
AOTF spectral transmission function
absolute instrument response from entrance aperture to photoelectric effect in
rij(λc)
pixel ij when the AOTF is set to λc
optical thickness originitating from the absorption by NO2 along the light path
τNO2ij(λ)
reaching pixel ij
optical thickness originating from the extinction by all other species (Rayleigh
τxij(λ)
scattering, aerosols, …) along the light path reaching pixel ij
Tij(λ)
optical transmittance of the plume as seen by pixel ij
SCDij
NO2 slant column density of the plume area observed by pixel ij

The photoelectric current measured by pixel ij looking at some area of the plume is given by:
𝐶𝑖𝑗 (𝜆𝑐 ) = 𝑟𝑖𝑗 (𝜆𝑐 ) ∫ 𝐼𝑖𝑗 (𝜆). 𝐺(𝜆 − 𝜆𝑐 ) 𝑑𝜆
where
𝐼𝑖𝑗 (𝜆) = 𝐼0 (𝜆). exp(−𝜏𝑁𝑂2𝑖𝑗 (𝜆) − 𝜏𝑥𝑖𝑗 (𝜆))
shows the Beer-Lambert extinction of light along its path through the plume caused by the NO2
content, and the other absorbing and scattering species.
For pixels not looking at the plume, but directly to the background of the scene, we have for the
registered photoelectric current:
𝐶𝑚𝑛 (𝜆𝑐 ) = 𝑟𝑚𝑛 (𝜆𝑐 ) ∫ 𝐼𝑚𝑛 (𝜆). 𝐺(𝜆 − 𝜆𝑐 ) 𝑑𝜆
where this time 𝐼𝑚𝑛 (𝜆) = 𝐼0 (𝜆) .
By dividing Cij by Cmn, one obtains the optical transmittance of the plume as seen by pixel ij:
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𝐶𝑖𝑗 (𝜆𝑐 )

𝑇𝑖𝑗 (𝜆𝑐 ) =

𝑟𝑖𝑗 (𝜆𝑐 )
𝐶𝑚𝑛 (𝜆𝑐 )
𝑟𝑚𝑛 (𝜆𝑐 )

= exp(−𝜏𝑁𝑂2𝑖𝑗 (𝜆𝑐 ) − 𝜏𝑥𝑖𝑗 (𝜆𝑐 ))

If at least two spectral images of the same scene are taken: one where there is strong absorption by
NO2 (λs), and one where there is weak absorption by NO2 (λw). Then, the ratio of the transmittances
computed in each of these images is a quantity which only depends on the NO2 content of the
plume. The reason is that the NO2 spectrum offers a lot of differential structures which allow to
select λw and λs very close to each other. By doing so, one can assume that the extinction by other
processes showing broadband signatures (Rayleigh, Mie,…) is just identical for the two wavelengths.
This contribution to the signal is therefore removed by taking the ratio of the transmittances:
𝑇𝑖𝑗 (𝜆𝑤 )
= exp(−𝜏𝑁𝑂2𝑖𝑗 (𝜆𝑠 ) − 𝜏𝑁𝑂2𝑖𝑗 (𝜆𝑤 ))
𝑇𝑖𝑗 (𝜆𝑠 )
As τ(λ)=σ(λ).SCD, we find the NO2 SCD subtended by the area of the plume observed by pixel ij:
𝑇𝑖𝑗 (𝜆𝑤 )
1
. ln
𝜎(𝜆𝑠 ) − 𝜎(𝜆𝑤 )
𝑇𝑖𝑗 (𝜆𝑠 )
As the plumes are constantly moving, it is often necessary to work on time-averaged data. From
successive trials, it was found that a time window of 3 minutes is requirred to smooth artefacts
caused by transient features.
𝑆𝐶𝐷𝑖𝑗 =

Error budget and instrument sensitivity
One can work out eq. (Error! Reference source not found.) with the classical first-order Taylor
expansion approximation to determine the uncertainty on the NO2 SCD. This approach will require
estimates of the uncertainty on the photon counting rates Cij , on the background signal Cmn, on the
absolute instrument response rij, and on the cross-section data σ. These estimates are not always
easily obtained, and we briefly discuss each of them.






The uncertainty on Cij simply derives from the shot noise. With typical signals exceeding 104
e- s-1, the relative uncertainty on Cij is better than 1%.
The background signal Cmn is also subject to shot noise, which yields a similar uncertainty as
for Cij, i.e. better than 1%.
The absolute instrument response r(λ) plays a role in eq. (Error! Reference source not
found.), but vanishes in eq. (Error! Reference source not found.) when the ratio of
transmittances at the weak and strong wavelengths is computed. This holds under the
assumption that the instrument response does not vary significantly over one or two
nanometres. This parameter is therefore excluded from the error budget.
The NO2 absorption cross-section data are taken from Vandaele et al. (1998), who report a
total relative uncertainty of 3% at a resolution of 2 cm-1 (0.04 nm at 450 nm). Taking our
coarser resolution into account (about 0.6 nm), the uncertainty drops to about 0.8% for the
convolved spectrum. However, the AOTF tuning curve is temperature dependent, with a
typical drift of +0.1 nm per Kelvin. The driving electronics is currently not enslaved to a
temperature sensor. The exact measurement wavelength is computed at the processing
stage. Depending on the amount of wavelength drift, the uncertainty on σ can reach 5–10 %.
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Propagating these uncertainties in eq. (Error! Reference source not found.) yields an absolute
uncertainty on the NO2 SCD of about 5x1016 molecules cm-2. This value is consistent with the high
frequency fluctuations in the measured SCD maps.

4.16 Multiwavelength Raman lidar – RALI (INOE)
Data processing procedure
Backscatter coefficient: Fernald-Klett algorithm with constant LIDAR ratio (assumed) (Klett, 1981)
Extinction coefficient: calculation of the column-averaged lidar ratio by constraining the integrated
extinction to the co-located sun photometer AOD; the backscatter profile was extrapolated to the
ground based on a polynomial fit of the profile in order to integrate the full column.
PBL height: altitude of the maximum negative gradient of the range corrected signal at 1064nm
channel (Belegante et al., 2014)
Error calculation
Propagation of the statistical error through the calculus chain.
Assumption of 10-15sr uncertainty for the LIDAR ratio, depending on the temporal differences
between LIDAR and sun photometer measurements.

4.17 UV scanning depolarizationLidar –MILI (INOE)
Data processing procedure
Backscatter coefficient: Fernald-Klett algorithm with constant LIDAR ratio (assumed)
Extinction coefficient: calculation of the column-averaged LIDAR ratio by constraining the integrated
extinction to the AOD estimated from MODIS; MODIS AOD was calculated at 500nm and converted
to 355 nm using the Angstrom exponent retrieved from the sun photometer measurements at
Bucharest and Cluj (mean value); the backscatter profile was extrapolated to the ground based on a
polynomial fit of the profile in order to integrate the full column
PBL height: altitude of the maximum negative gradient of the range corrected signal
Error calculation
Propagation of the statistical error through the calculus chain
Assumption of 10-15sr uncertainty for the lidar ratio, depending on the temporal differences
between LIDAR and sun photometer measurements

4.18 Near surface instruments (INOE)
AEROSOL CHEMICAL SPECIATION MONITOR
Data processing procedure(N.L. Ng et al ,2011; J.E Petit et al,2015):
Diagnosis of several parameters: vaporizer, filter, air beam, chamber temperature
Data corrections using relative ionization efficiencies and the collection efficiencies
Econvolve the raw ACSM mass spectra into chemically speciated mass spectra
Application of conversion factors to translate ion signal to µg/m3.
Error calculation: Not Applicable
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AETHALOMER
Data processing procedure:
diagnosis of several parameters: k factor stability, air flow
data corrections: data filtration, remove spikes; separation of BC resulted from wood combustions
or BC resulted from fossil fuel combustion due to the particular sensitivity of Black Carbon resulted
from wood burning in the UV domain.
Error calculation: NA
AEROSOL GAS ANALYSERS
Data processing procedure: For each component measured, the system provides four types of data:
momentary values, integrated values, moving averages, and simple average. The 3 min data is used
to calculate the hourly average of gas concentration (Stefan et al., 2013).
Error calculation: The standard deviation of the hourly average (provided from the 3 minutes time
period) is added to the instrument's linearity and span drift specs values to provide a complete
systematic and statistical error analysis.

4.19 Sun-lunar photometers (INOE)
AERONET level 1.5data (http://aeronet.gsfc.nasa.gov/)
Optical depth is calculated from spectral extinction of direct beam radiation at 7 wavelengths based
on the Beer-Bouguer Law.
Error calculation: Not Applicable

4.20 Pandora (INOE)
Data processing procedure:
•
Regularly sun calibrations are made automatically during Pandora – 2S operation.
•
Manual correction for the sun searches are made at a frequency determined by the
principal investigator of the system.
•
Extraterrestrial spectrum from 270 nm to 1000 nm merged from different sources
(Bernhard et.al. 2004).
•
Spectral source for O3 retrieval (A.M. Bass and R.J. Paur, 1985)
•
Spectral source for NO2 retrieval (Vandaele, 1998)
Error calculation:
Main uncertainties of the gas concentrations come from the temperature – dependent cross
sections of the measured species (A.M. Bass and R.J. Paur, 1985, Burrows, et.al., 1999), from the
Ring spectrum fit or from applying different corrections (dark, non-linearity, latency, temperature,
stray light).
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4.21 APEX (VITO-BIRA)
APEX data processing and products
General characteristics of the dataset
The data acquisition was planned according to the AROMAPEX goals following the procedures
detailed in [1]. The flight altitude for the AROMAPEX campaign was 6240 m ASL, resulting in a spatial
resolution of approximately 3.11m for the ground pixels. The sensor integration time, typical for
unbinned data, was set to 58ms.
Table 4.21: Acquired data sets and flight characteristics.

Berlin AM
Date
21-04-2016
Flight time LT (UTC + 2)
09:34 – 12:01
# flightlines
15
Flight pattern (Heading °) 0 - 180
SZA (°)
58.3 - 42.4
Lat (°N) / Long (°E)
52.28 / 13.18
Terrain altitude (m ASL)
70
Total population
3.500.000
Population
density 3994
2
(#/km )

Berlin PM
21-04-2016
14:24 - 16:39
14
0 - 180
43.3 - 58.7
52.28 / 13.18
70
3.500.000
3994

Fig. 4.40 shows RGB mosaics of the flightlines acquired during the campaign (left – morning, AM;
right – afternoon, PM). Note that the third flightline of the first dataset was skipped for a better
synchronisation between the D-CFFU aircraft and the C207T, D-EAFU aircraft from Free University of
Berlin, Institute for Space Sciences.

Figure 4.40: (RGB) Mosaics of the two datasets acquired over Berlin: AM flight (left) and PM flight (right).

Ground reference targets (reflectance) were collected by means ofan ASD FieldSpec 4 spectrometer
(http://www.asdi.com/products-and-services/fieldspec-spectroradiometers/fieldspec-4-hi-res, last
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access: 12-09-2016), during the same day, to serve as validation spectra for the APEX reflectance
data. These targets are shown in Fig. 4.41.

Figure 4.41: Ground reference spectra (reflectance) for the APEX data: asphalt (black), concrete (orange) and
grass (green).

The APEX dataset consists of 29 flightlines in total: 15 for the AM flight and 14 for the PM
flight.These flightlines were spectrally and radiometrically calibrated, and the calibrated radiance
cubes were atmospherically and geometrically corrected to obtain at-surface reflectance. So-called
“intermediate” products, i.e.DC (dark current) corrected raw data, suitable for DOAS analysis, were
also generated, as shown further.All data cover the spectral range 425-600nm, from which only the
480-500nm interval is used for the actual calculations.
Spectral and radiometric calibration
The APEX radiometric, spectral, and geometric calibration is performed using the APEX Processing
and Archiving Facility (APEX PAF – see [2], [3]), developed and maintained by the Remote Sensing
Laboratories (University of Zurich) in collaboration with VITO. The PAF relies on calibration cubes
generated from data measured and collected at the APEX CHB hosted at DLR Oberpfaffenhofen,
Germany [4]. During calibration, spatial resampling is applied in the along-track direction, in order to
ensure square pixels.
APEX is known to have some smile effects, i.e. the central wavelength depends slightly on the
column pixel location. Furthermore, due to spectral instabilities of APEX caused by pressure and/or
temperature variations, an in-flight spectral wavelength shift analysis is tipicallyperformed on the
basis of atmospheric absorption features to reassign new central wavelengths to each pixel before
atmospheric correction.For AROMAPEX, the spectral shift detection was performed on the NIST
datacubes, which are acquired before and after each flightline. These datacubes contain spectra in
which features, different from the atmospheric ones, are artificially introduced for a better inference
of the spectral shifts. The shifts estimated at the spectral bands corresponding to the (atmospheric
and artificial features) are linearly interpolated to estimate the shifts in all spectral bands.
For the delivered reflectance cubes, the ENVI header-file contains the wavelength of pixel 500, as
obtained after spectral shift correction. As no resampling to the CHB wavelengths was performed,
slight variations of the assigned wavelengths can be observed in different flightlines.
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Dark current (DC) correction
The DC correction is an integrating part of the calibration routine. For AROMAPEX, intermediate
products containing raw data corrected for DC were delivered. These data are used by BIRA as input
to the QDOAS software.
During APEX flights, DC cubes containing 20 frames are acquired both before and after each
flightline. The mean values of two consecutive DC cubes are considered to be the initial and final DC
frames, respectively, for the flightlinemeasured in between. Then, the DC values are subtracted from
each frame of the respective flightline, assuming a linear model for the DC accumulation over time.
Atmospheric correction and georeferencing
The atmospheric correction of the acquired APEX data [5] is performed via the Central Data
Processing Center (CDPC - see [3]) with the MODTRAN4 radiative transfer code following the
algorithms given in [6] and [7] and taking into account the in-flight determined central wavelengths
for each pixel (column) (i.e. smile aware atmospheric correction). No other post-processing, such as
spectral smoothing, was applied, such that the reflectance values are not artificially distorted.
The geometric correction [8] is performed by VITO’s own developed C++ module and is based on
direct georeferencing.For improved accuracy, a boresight calibration procedure is executed in order
to compensate for the roll, pitch and yaw misalignments between the sensor axis and the IMU
(Inertial Measurement Unit) system onboard the aircraft. Input data from the sensor’s GPS/IMU,
jointly with the boresight correction data, and the SRTM DTM are further used during the geometric
correction process. The data are projected to the geographic coordinate system, w.r.t. WGS84
ellipsoid.
Quantitative estimation of errors affecting the reflectance product
The ground reflectance spectra measured by the ASD spectrometer during the flights day (see Fig.
4.41) allow for a quantitative estimation of the errors affecting the retrieved APEX reflectance data.
We focus our analysis on the spectral region 480-500nm (around the NO2 feature apparent at
490nm). In Fig. 4.42, the three ground spectra are plotted jointly with the corresponding APEX
spectra (identified in the imagery based on GPS coordinates).
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Figure 4.42:Spectra of the three targets: ASD (continuous line) vs. APEX (dashed line).

From Fig. 4.42, it can be seen that the general trend of the mismatch is to decrease (in relative
terms) with the increase in wavelength. Fig. 4.43, in which we plot the APEX reflectance error (in
percentage) for each target, jointly with the mean error, further illustrates this observation.
Further calculations reveal that, at the wavelength of interest (490nm), the average percentage
error is 11,1% (computed over all targets spectra). In the considered spectral interval (480-500nm),
the signal-to-noise ratio varies around 19-20dB for all targets, where SNR(dB) = 20*log10(SNR).

Figure 4.43: Reflectance error [%] for the three targets
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NO2 vertical column density (VCD)retrieval algorithm
The flowchart in Fig. 4.44 illustrates the key steps of the applied NO2 VCD retrieval algorithm based
on APEX spectra. For each of the modules, the main input and output data sets and their respective
file formats are specified. A NO2 vertical columncan be derived for each APEX pixel or measured
spectrum i, according to:
𝑉𝐶𝐷𝑖 =

𝑆𝐶𝐷𝑖
𝐴𝑀𝐹𝑖
APE Spectra + geometry

Cube preprocessing

Albedo + S A + V A + RAA
Atmospheric
proﬁle (ASCII)

Calibra on ﬁle (ASCII)

LI ORT
box-AMF

Binned spectra + reference
spectra (NetCDF)

OA
ﬁ ng

Lat/Lon geo-loca on
DSCD + DSCD
error (NetCDF)

BAMF + TotAMF +
AURORA a priori
AMFref (ASCII)
NO
VCD 

DSCD  (VCDref * AMFref )
AMF

DSCD + DSCD error + AMF + VCD

Destriping, smoothing,
georeferencing
DSCD + DSCD error + AMF + VCD

I for NO spa al
distribu on mapping

Figure 4.44: Flowchart of the APEX NO2 VCD retrieval algorithm.

In Eq. (1), the NO2VCDior the integrated amount of molecules per cm2 expected for a single, vertical
transect of the atmosphere is defined as the ratio of the measured slant column density or the
number of molecules per cm2 detected in an observation (SCDi) and a corresponding air mass factor
(AMFi). The direct output of the DOAS analysis is not SCDi, but a differential slant column density
(DSCDi), being the difference of the concentration of NO2integrated along the effective light path
and the NO2 concentration in a reference spectrum (SCDref). The residual NO2 amount in the
background spectrum needs to be determined in order to convert DSCDi to SCDi.Therefore Eq. (1)
needs to be rewritten as:
𝑉𝐶𝐷𝑖 =

𝐷𝑆𝐶𝐷𝑖 + 𝑆𝐶𝐷𝑟𝑒𝑓
𝐴𝑀𝐹𝑖
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Or
𝑉𝐶𝐷𝑖 =

𝐷𝑆𝐶𝐷𝑖 + (𝑉𝐶𝐷𝑟𝑒𝑓 ∗ 𝐴𝑀𝐹𝑟𝑒𝑓)
𝐴𝑀𝐹𝑖

AMFs account for enhancements in the optical path length of the slant column, due to viewing and
sun geometry, albedo, aerosol scattering and the NO2 vertical profile.

Spatial binning
Unbinned APEX spectra, acquired with an integration time of 58 ms, have a typical signal-to-noise
ratio (SNR) around 150. Spatial aggregation of the observed radiance spectra is applied in order to
increase the signal-to-noise ratio. A spatial binning of 20 by 20 pixels is found to be an appropriate
trade-off between spatial resolution and SNR, leading to an effective GSD of around 60 by 80 m and
a fovarable SNR of 2500.

DOAS analysis
The obtained binned APEX spectra are analysed in the 470-510 nm visible wavelength region by
application of an adaptedversion of the QDOAS non-linear, least-squares spectral fitting tool,
developed at BIRA-IASB [9].An APEX module is developed and added to the QDOAS fitting tool in
order to be able to process full APEX flightlines simultaneously. Interference with unidentified
instrumental artefacts or features prevents us from extending the fitting window to lower
wavelengths than 470 nm or to a larger fitting window.

Table 4.22: DOAS spectral fitting analysis parameters for NO2 slant column retrieval.
Parameter

Settings

Fitting interval

470 - 510 nm

Cross-sections
NO2

Vandaele et al. (1998), 298K [10]

O4

Hermans et al. (2003) [11]

Ring effect correction method

Chance and Spurr (1997) [12]

Resol

Small differences in
resolution

spectral

Other
Polynomial term

Order 5

Intensity offset correction

Slope
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Figure 4.45: Typical DOAS fit with a) red line, corresponding to the NO2 molecular cross-section, convolved with
the instrument slit function and scaled to the detected absorption in the measured spectrum (blue line) and b)
the remaining residuals of the DOAS spectral fit.

In the DOAS analysis, the concentration of NO2 is determined with respect to an unknown amount of
NO2 in a selected reference spectrum (SCDref). SCDref is an unknown that needs to be estimated. A
study performed in the framework of the BUMBA project (Belgian Urban NO2 Monitoring Based on
APEX remote sensing; http://uv-vis.aeronomie.be/airborne/bumba.php; http://www.bumbair.be/)
has shown thatthe effective slit function can be affected by environmental conditions during
operation of APEX, despite the fact that the instrument is sealed, pressure- and temperaturestabilised. The unstable slit function can cause misregistrations and spurious residuals in the DOAS
fit.
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As a consequence, a reference cannot be used to analyse a certain spectrum if the spectral
performance deviates too much. Quality parameters of the fit, such as the RMS, were carefully
checked in order to detect significant changes of the effective slit function between the analysed
spectra and reference. Finally, a reference was chosen for each individual flightline in the south part
of the data set where the NO2 amount is low. Values of 2 to 4 x 1015molec cm-2 were estimated for
the residual amount in the reference spectrum.
Air mass factor calculations
NO2 box air mas factors (AMFs) have been calculated with the linearisedradiative transfer model
(RTM) LIDORT 2.6 [13], in order to convert slant (SCDs) to vertical (VCDs) columns. LIDORT
numerically reproduces the state of the atmosphere and the radiative transfer based on a priori
information on the surface albedo, sun and observation geometry, and atmospheric properties
(pressure, temperature, and absorber vertical profiles). Aerosols are currently not taken into
account in this study.

Figure 4.46: BAMF profiles illustrating the vertical sensitivity of the APEX instrument to NO2in consecutive
atmospheric layers. The high impact of the surface albedo, mainly on the lowest atmospheric layers, is shown
based on 5 different scenarios, ranging from low to high albedo.

As flights were performed on a clear day with good visibility, and low aerosol optical depths (AOD),
the error of neglecting aerosols in the total uncertainty on the AMF computation is expected to be
small and subordinate to e.g. the error related to the surface albedo.The surface albedo, as well as
the sun and viewing geometry, i.e. SZA, viewing zenith angle (VZA) and relative azimuth angle (RAA),
can be extracted from the observations. These additional (meta)data sets are provided by VITO for
each observed spectrum. The surface albedo is approximated by the APEX reflectance value (APEX
level 2 product)in order to feed the RTM. Based on performedsensitivity tests, the surface albedo
has the most significant impact on the AMFcomputations. The AMF variability can be up to 65% for
an increase of the albedo from 2% to 8%.This illustrates the importance of having accurate
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knowledge of the surface properties in case of airborne imaging applications.The computed AMF,
obtained for both data sets, is 1.9 on average.

Destriping – georeferencing – mapping
A bias correction is applied to cope with the across-track stripe-like pattern in the generated maps.
Striping is inherent to pushbroom sensors due to the intrinsic spectral response of each detector
which is slightly different from the others. The applied bias correction is based on the algorithms
presented in [14], [15] and [16]: For each flightline, the column NO2 values are averaged and a third
order polynomial is fitted to the column averages. The deviation from the polynomial is treated as a
detector dependent bias and used as a correction factor to subtract from the retrieved NO2 columns.
The procedure removes the across-track striping to a great extent, while retaining the NO2 spatial
patterns.
The APEX sensor is equipped with a high-grade Applanix POS/AV 410 navigation system, which
records sensor position, i.e. latitude, longitude and elevation, and orientation, i.e pitch, roll and
heading. Concurrently, global positioning system (GPS) base station data, for differential correction,
and data originating from an inertial measurement unit (IMU) are recorded. All telemetry is blended
in real-time and logged for post-processing to allow proper georeferencing of the spectra. Ground
control points (GCPs) selected from orthophotos are identified in the APEX data and, following a
Monte Carlo procedure, optimal parameters to compensate for roll, pitch and yaw errors are
inferred, greatly reducing geolocation errors which are usually lower than one unbinned spatial pixel
[8].The orthorectification and georeferencing module receives the sensor interior and exterior
orientation, boresight calibration data and digital elevation model (DEM) data as input. The module
outputs the position and the complete viewing geometry for each pixel or measured spectrum,
allowing a proper mapping of the retrieved NO2 spatial distribution. In [8], the georeferencing
module and its qualitative and quantitative assessment is discussed more deeply.
The georeferenced VCDs and intermediate products, eg(D)SCDs and AMFs, are eventually gridded
and overlayed on Google Maps layers in an open-source geographic information system (GIS)
environment, QGIS 2.10.1.
NO2 VCD error budget
The overall error on the retrieved NO2 VCDs origins from uncertainties in the calculated DSCDs,
AMFs and SCDref. One assumes that the contributing uncertainties are sufficiently uncorrelated as
they arise from nearly independent steps. Based on Eq. (2), the overall error of the NO2 VCD
retrieval algorithm can be quantified based on following error propagation method:

2
𝜎𝑉𝐶𝐷
𝑖

2
𝜎𝑆𝐶𝐷𝑟𝑒𝑓 2
𝜎𝐷𝑆𝐶𝐷𝑖 2
𝑆𝐶𝐷𝑖
=(
) + (
) +(
× 𝜎𝐴𝑀𝐹𝑖 )
𝐴𝑀𝐹𝑖
𝐴𝑀𝐹𝑖
𝐴𝑀𝐹𝑖 2

Table 4.23: Summary of the error budget for the morning and afternoon flight.Typical relative errors (percent)
15
-2
and absolute errors (x 10 molec cm for DSCD, SCDref and VCD) are provided for each error source and for the
overall error on the VCD.
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Error source

AM

PM

DSCD

49% (3.4)

46% (3.3)

SCDref

26% (1.8)

25% (1.8)

TAMF
VCD

15% (0.3)
34% (2.4)

15% (0.3)
33% (2.4)

Low VCD retrievals are mainly limited by noise (1-sigma slant error), while high VCDs are mainly
limited by systematic errors. The overall relative error is approximately 10% higher when compared
to other APEX data sets acquired over Belgian urban areas, as a large background area is covered
during the AROMAPEX acquisition.The absolute error and relative error on the VCDs are provided in
the database for each retrieval.

4.22 ISA MAX-DOAS (IUP)
The data analyses contains two basic steps (spectral retrieval and conversion to tropospheric VCDs /
height concentration profiles), which are described in detail in the next sections.
Spectral analysis
The target species analysed so far are NO2, O4, SO2, Glyoxal, HONO and HCHO. The properties of the
different analyses are summarised in Table 3. It should be noted that:
a) NO2 and O4 were analyzed in similar spectral intervals to have similar radiative transfer
conditions for both absorbers. Using the original spectra with an exposure time of six seconds in
order to obtain a good time resolution, the obtained S/N ratios (typically: O4: 0-50, NO2: 0-25) were
sufficiently high in order to use the data for the following inversion process.
b) HCHO and HONO were detected in significant amounts using co-added elevation sequences in
order to reduce the overall RMS. The results were so far not uploaded to the file server.
c) SO2 and Glyoxal were not found in significant amounts during the campaign.

Table 4.24 Overview about the properties of the different spectral analyses

Wavelength
range
Polynomial
degree
Intensity offset
Ring spectrum

NO2
342-389nm

O4
346.6-386nm

HONO
335 – 375 nm

HCHO
332 – 358 nm

4

4

4

4

constant
Two Ring spectra
calculated from
Fraunhofer

constant
Two Ring spectra
calculated from
Fraunhofer reference

constant
Two Ring spectra
calculated from
Fraunhofer

constant
Two Ring spectra
calculated from
Fraunhofer

Page95 of226

AROMAT-II: Final Report

Trace gas cross
sections

Version: Final

Doc-ID: AROMAT2-FR-1

reference spectrum spectrum using DOASIS reference spectrum reference
using DOASIS
using DOASIS
spectrum using
DOASIS
O3_223K
O3_223KSerduychenko O3_223K
O3_223K
Serduychenko et al et al 2015
Serduychenko et al Serduychenko et
2015
O3_246K
2015
al 2015
O3_246K
BrO Fleischmann et al O3_246K
O3_246K
BrO Fleischmann et 2003
BrO Fleischmann et BrO Fleischmann
al 2003
O4Hermans et al
al 2003
et al 2003
HCHO Chance et
NO2_294KVandaele et HCHO Chance et al HCHO Chance
al
al 98
O4 Hermans et al
et al
O4 Hermans et al
NO2_220KVandaele et NO2_294KVandaele O4 Hermans et
NO2_294KVandaele al 98
et al 98
al
et al 98
HONO Stutz et al
NO2_294K
2002
Vandaele et al
H2O Polyansky et al 98
2017
HONO Stutz et al
2002

Figure 4.47: Spectrum from April 11th 08:30 UTC towards city-centre, 2° elevation, RMS 1e-3, 6s integration
time. As seen, the S/N ratio of the NO2 and O4 results is sufficient for the profile inversion routine.
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Figure4.48: HONO and HCHO absorption at an elevation angle of 3° towards the city centre. Here, spectra were
co-added to have an effective exposure time of four minutes per spectrum.

Profile Inversion
The conversion of dSCDs to VCDs was performed using an optimal estimation approach. The
algorithm is implemented in IDL in an inversion program called ‘HEIPRO’ (see Wang et al 2016, based
on Frieß et al 2006, 2011).
Aerosol profile inversion
Using the O4 dSCDs at 360nm, the aerosol profiles were retrieved at a time resolution of three
minutes. An aerosol extinction a-priori profile with a ground-level aerosol extinction of 0.05 and a
scale height of 2km was used.
NO2 profile inversion
Using the NO2 dSCDs at 360nm, the vertical NO2 concentration profiles were retrieved at a time
resolution of three minutes, in accordance to the aerosol profiles. An a-priori vertical profile of NO2
of exponential shape with a ground-level mixing ratio of 5 ppb and a scale height of 1km was used.
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5. Data Format
5.1 Aerodynamic Particle Sizer
The raw data collected during measurements are recorded in ASCII format in the file:
SSyymmddhhmm.pppp.PPPP, where SS - station name, yy – year, mm – month, dd – day, hh – hour,
mm – minute, pppp - data type: mass, volume, number, PPPP - data product, andsdis - size
distribution.
The measured species are:aerosol size distribution in number, volume and mass weight units, and
the delivered parameters: PM1, PM2.5, PM10, TSP and aerosol size distribution.

5.2 IntegratingNephelometer
The raw data are outputted in ASCII format. Beside it, the time, photon count for the used
wavelengths (B-blue, G-green, R-red), the auxiliary status and zero background are also registered.
The raw data(D) will be recorded as below:
D wxyz TTTT +B.BBBe-B +G.GGGe-G +R.RRRe-R +A.AAAe-A +B.BBBe-B +C.CCCe-C
D = total scatter data record
w = current mode. N if in normal measurement mode, Z if in Zero mode; B if in blanking
mode
x = T if in total scatter mode; B if in backscatter mode
y = X currently unused
z = X currently unused
TTTT = time remaining in current state
+B.BBBe-B = scattering coefficient in blue
+G.GGGe-G = scattering coefficient in green
+R.RRRe-R = scattering coefficient in red
+A.AAAe-A = scattering coefficient in blue (backscatter)
+B.BBBe-B = scattering coefficient in green (backscatter)
+C.CCCe-C = scattering coefficient in red (backscatter)

5.3 PICARRO
The raw data is generated in various ASCII-format text output files, stored in
C:\Userdata\DataLog_User \YYYY\MM\DD, where Y=year, M=month, D=day, and named:
CKFBDS##-yyyymmddhhmm-DataLog_User_Sync.dat
CKFBDS## - instrument serial number
yyyy – year
mm – month
dd – day
hh – hour
mm – minute
Data files are created every 15 minutes and stored for 90 days before they are automatically
deleted, with the possibility to modify the deletion frequency.
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5.4 NO2 CAPS
Data files are generated presenting the data in the format of comma separated values containing all
parameters recorded, namely: date and time, NO2 concentration (ppb), analysers’ internal T, T of
optical chamber, T of analysed gas, raw NO2 signal, P inside of optical cavity, light intensity emitted
by blue LED, optical loss of the cavity, light intensity received by the phototube, phase difference of
received signal w.r.t. LED signal, reference voltage from analogue/digital converter, and analogue
ground.
Date

NO2

Int. T
(°C)

Opt
T
(°C)

(ppb)

Gas
T
(°C)

Raw_N
O2 (ppb)

R.
H

Sampl
eP
(hPa)

I Led
(mA)

Loss
(Mm
-1)

Perm
. b.
(°C)

Aux
1 Pr.
(hPa
)

Aux1.
T (°C)

Signa
l
(mV)

Phas
e
(DEG
)

2.5V
ref
(mV)

GN
D
(mV
)

(%
)

19/08/201
5 11:34

0,04843
4

29,38

43,2
1

24,84

1,59

n.a
.

975,96

393,6
8

374,1
3

0

3

87,9

3591,
8

42,65

2498,
1

0

19/08/201
5 11:35

1,57429

29,66
6

44,1
0

25,95
1

3,35

n.a
.

970,62

393,8
3

376,5
5

0

3

87,89

3558,
5

42,51

2498,
1

0

19/08/201
5 11:36

2,78583

30,13
1

45,0
5

26,78
3

3,59

n.a
.

970,54

394,0
7

376,8
8

0

3

87,89

3531,
7

42,49

2498,
1

0

Table 5.1: Example of CAPS .csv data file

5.5 NO2 SONDE
The NO2-sonde data files are comma separated value (CSV) files that contain 1 second data of the
following parameters:
description

unit

precision

1

Name (1st
row)
DateTime

Date & time of measurement

1s

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

sample_no
time_stamp
year
month
day
hour
minute
second
gps_age
longitude
latitude
altitude
gps_hdop
course
speed
humidity
air_temp
light_intensity
sonde_temp

Number of samples
Time since measurement start
GPS years
GPS months
GPS days
GPS hours (UTC + 17 s)
GPS minutes
GPS seconds
Time since last valid GPS fix
GPS longitude
GPS latitude
GPS altitude
Horizontal dilution of precision
GPS direction
GPS speed
Ambient relative humidity
Ambient temperature
Light intensity
NO2-sensor temperature

yyyy-mm-dd
HH:MM:SS
integer
ms
year
month
day
hour
minute
second
ms
degrees
degrees
m
DOP value
degrees
m/s
Per cent points
Degrees Celsius
lux
Degrees Celsius

Column

1
1 ms
1 year
1 month
1 day
1 hour
1 min
1s
1 ms
2.5 m
2.5 m
5m
< 1.5
0.5 °
0.1 m/s
5%
0.5 ° C
20 %
0.5 ° C
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pressure
seeing
blind
traw
satellites

26

no2_vmr

Version: Final
Ambient pressure
NO2 output of seeing channel
NO2 output of blind channel
Output of Temp. channel
Number of satellites usedto compute GPS
products
NO2 mixing ratio
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hPa
Volts
Volts
Volts
integer

2 hPa
irrelevant
irrelevant
irrelevant
N/A

ppbv

1 ppbv

Table 5.2: Overview of the information contained in the different columns of a NO2-sonde data file.

N.B. the first 900 seconds of every NO2-sonde data file cannot be used for analyses, since the
detector is warming-up during this time interval and the NO2-signal is not yet stable.

5.6 AirMAP
The naming convention for AirMAP files is as follows:
YYMMDD[VD]II.EXTENSION
YY=year
MM=month
DD=day
[VD]=viewing direction (01 until 35)
II=indicates the spectrometer used (only for internal information)
EXTENSION= file name extension
So for example the file with the name:
150803004II.NO2VIS
contains data from 2015-08-30, of the 4th viewing direction. The extension NO2VIS indicates that
the main product of the retrieval is the column density of NO2 in the visible spectral range.
The data is provided as tables in ASCII files. All files include a header that describes the data
contained in the columns as well as the most important settings used in the DOAS retrieval e.g. (fit
window, cross-sections etc.)

5.7 SWING
SWING data are provided in CSV files per flights, where each line corresponding to one spectra,
fitted DSCD, and retrieved VCD. The header gives the name of each column. Angles are given in
degrees and column densities in molec./cm2. Most column titles are self-explicit. Note that the
column motorpos represents the scanner position which is pointing to nadir at position 98°. Columns
latPix and longPix respectively gives the latitude and longitude of a pixel, while VCD gives the NO2
column density. Note that for the Turceni flight, one single file is given for both NO 2 and SO2, with
column names VCDNO2 and VCDSO2. For the AROMAPEX flights, the field M0153BERLI1is the APEX
albedo.
Maps of the retrieved VCDs for all the flights are also provided.
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5.8 ULM DOAS
The data are in ascii format.
Here is one example:
for NO2

for SO2

5.9 Mobile DOAS (UV and VIS systems)
Two levels of data are provided: DSCDs (for NO2,SO2, and H2CO) and VCDs (for NO2,SO2). The data
are provided in ascii tab-delimited files and consist of files per day of measurements (VCDs) and per
day and per spectrometer (DSCDs). All the files contain a header line with the field names which are
generally self-explicit.
DSCD files: The fitted DSCDsand associated errors (‘NO2.SlCol(NO2)’ and ‘NO2.SlErr(NO2)’ ) are
expressed in molec./cm2. We also provide plots of the time series of the DSCDs in jpeg.
VCD files: The most important fields are the NO2 vertical columns and its associated error, (in the
case of NO2:VCBira , errTot, in the case of SO2: vcSo2, errVC) both expressed in molec./cm2. The files
also contain the air mass factors and associated errors (e.g amf180sig180, and amf120 sig120 for the
double channel system). We also provide map of the VCDs in jpeg.

5.10 Mobile DOAS (MPIC)
The data are provided as ascii files. The content of the files is described in the headers of the files.
For AROMAT-2, dSCDs and VCDs are provided for NO2 and SO2. For HCHO the SCDs are provided. The
content of the data files during AROMAT-2 is described below:
DSCD:
columns in txt-file:
1
2
3
4
5
6
7
Spectrum # elevatio Date+time (UTC)
Time Scan number latitude Integration time
n
°
yyyymmddhhmmss hours
°
msec
8
SZA
°

9
Longitute
°

VCD:
columns in txt-file:
1
2
Longitute latitude
°
°

10
latitude
°

3
Time (UTC)
hours

11
Fractional day

4
DSCD
Molec/cm²

12
Chi2

13
RMS

14
15
DSCD
DSCD error
molec/cm² molec/cm²

5
VCD
Molec/cm²

Page101 of226

AROMAT-II: Final Report

VCD (includes DSCDs):
columns in txt-file:
1
2
Longitute latitude
°
°

3
Time (UTC)
hours

Version: Final

4
DSCD
Molec/cm²

5
VCD
Molec/cm²

Doc-ID: AROMAT2-FR-1

6
RMS

7
SZA
°

For AROMAPEX, VCDs are provided for NO2. The content of the data files during AROMAT-2 is
described below:
VCD (includes DSCDs):
columns in txt-file:
1
2
Longitute latitude
°
°

3
Time (UTC)
hours

4
DSCD
Molec/cm²

5
VCD
Molec/cm²

6
RMS

7
SZA
°

5.11 Zenith-Sky Mobile-DOAS
The data are in ascii format.
Here is one example:
for NO2

for SO2

for HCHO as SO2

5.12 ALTIUS VIS channelbreadboard
Level-1 data
The L-1 data consist of the spectral images of the scene cleaned from nonlinear effects and
instrument response non-uniformities. They are given in the form of 2-D arrays of 512x512 pixel
counts (double precision number). The spectral images of the same measurement sequence are
stored in the same hdf5 file, together with the corresponding wavelengths and times of acquisition.
Ancillary data such as pointing directions and geolocation of the instrument are included as
attributes in the structure of the hdf5 file.
Level-2 data
The L-2 data consist of plume NO2 SCD maps with a moving average of 3 minutes.The data are given
in the form of hdf5 files. There is one file per NO2 SCD map. The SCD map consists of an array of
512x512 double precision values. Each element of the array is either numeric, either nan. Nan values
appear where there is no plume in the FOV. The hdf5 file also contains a number of other attributes
helping to interpret the SCD map:
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vector of row altitudes above ground in the plane of the stacks
vector of horizontal distance starting from the left edge of the image
vector of wavelengths used for the spectral acquisitions
start and stop time of the sequence of spectral images that have been processed
azimuth angle of the centre of the FOV
zenith angle of the centre of the FOV

5.13 Multiwavelength Raman lidar - RALI
The data is provided in ASCII format. Data contains level 2.0 products: 1-h average backscatter and
extinction profiles and associated uncertainties.
File names: bu_yymmddhhmm_yymmddhhmm.b0532, where:
bu - station ID (Bucharest-Magurele)
yy - year
mm - month
dd - day
hh - hour
mm - minute
start and stop times:yymmddhhmm_yymmddhhmm
b0532–type of measurement: daytime configuration at 532 nm
File content:
Altitude(m)
BackscatterCoefficient (1/(m*sr))
BackscatterCoefficientError (1/(m*sr))
ExtinctionCoefficient (1/(m)) - extinction from the backscatter, assuming a certain lidar ratio
ExtinctionCoefficientError (1/(m))
LidarRatio(sr) - assumed lidar ratio
LidarRatioError (sr)
All data is accompanied by quicklooks: .jpg files presented as high resolution time series of the Lidar
Range Corrected Signal at 1064 nm(or 532nm). The quicklooks represent the temporal variation of
aerosol layering for different wavelengths, providing information about the dynamics of aerosol
layers in the troposphere. The maximum altitude of the measurement is given by the SNR(signal-tonoise) strength.

5.14 In-situ Gas analyzers
Gas analysers data provides information of ground level concentration for several atmospheric
pollutants.
Data contains level 2.0 products: measurements at each 3 minutes.
File names: bu_yymmddhhmm_yymmddhhmm.halla, where:
Bu or tu -- station ID (Bucharest-Magurele or Turceni)
yy - year
mm - month
dd - day
hh - hour
mm - minute
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start and stop times: yymmddhhmm_yymmddhhmm
File content:
Date(dd/mm/yy)
Time (hh:mm)
O3 - concentration (ppb)
SO2 - concentration (ppb)
NO - concentration (ppb)
NO2 - concentration (ppb)
NOx - concentration (ppb)
CO - concentration (ppm)
CH4 - concentration (ppm)
NMHC - concentration (ppm)
THC - concentration (ppm)

5.15 Sun-lunar photometers
The data is provided in ASCII format tab delimited. Data contains level 1.5 products.
File names: bu_yymmddhhmm_yymmddhhmm.aodal, where:
AOD(AOT) – Aerosol Optical Depth
bu -- station ID (Bucharest-Magurele)
yy - year
mm - month
dd - day
hh - hour
mm - minute
start and stop times: yymmddhhmm_yymmddhhmm
File content:
Date(mm/dd/yy)
Time(hh:mm:ss)
AOT_1020
AOT_870
AOT_675
AOT_500
AOT_440
AOT_380
AOT_340

5.16 PANDORA
The data format is a text file. All data are accompanied by data plots: quicklooks files presented as
time series of NO2 column abundance. The Level 2 data are having the following name and format:
Filename: bu_yymmddhhmm_yymmddhhmm.no2sx
where:
bu -- station ID (Bucharest-Magurele)
yy - year
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mm - month
dd - day
hh - hour
mm - minute
start and stop times: yymmddhhmm_yymmddhhmm
File contain:
UT date and time for center of measurement, yyyymmddThhmmssZ (ISO 8601)
Total duration of measurement (s)
Solar zenith angle at the center-time of the measurement (degree)
Nitrogen dioxide vertical column amount (Dobson Units)
Uncertainty of nitrogen dioxide vertical column amount (Dobson Units)
Direct sun nitrogen dioxide air mass factor

5.17 APEX
Table 5.3 shows the APEX products delivered for AROMAPEX and their corresponding data format.

APEX Product
DC corrected raw data (not georeferenced)

Reflectance data (not georeferenced)

Reflectance data (georeferenced)

Quicklooks (not georeferenced; generated from
the at-sensor radiance data)
Quicklooks (georeferenced; generated from the
reflectance data)
Geometry data (several layers – see Data
Acquisition Report)
Time stamps (per frame; one file per flightline)

Retrieved NO2 VCDs (ASCII tab-delimited file for
each flight on April 21, 2016 (AM and PM) with
Lat, Lon, RTM input, DSCD, SCD and VCD).

Data format
ENVI: .img + .hdr files
These datacubes are identified by the filename
suffix: “x_dccorr_cube000”
ENVI: .img + .hdr files
These datacubes are identified by the filename
suffix: “_R”
ENVI: .img + .hdr files
These datacubes are identified by the filename
suffix: “_R_geo”
PNG
These datacubes are identified by the filename
suffix: “-AtSens”
PNG
These datacubes are identified by the filename
suffix: “-geo-atm”
ENVI: .img + .hdr files
These datacubes are identified by the filename
suffix “_geometry”
Excel: .xlsx files
These files are identified by the filename suffix
“_UTC”
Col1 ID
Col2 Flightline number
Col3 X-co (WGS84 Long °)
Col4 Y-co (WGS84 Lat °)
Col5 Time (UT)
Col6 SZA (°)
Col7 VZA (°)
Col8 SAA (°)
Col9 VAA (°)
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RAA (°)
Surface reflectance(%)
DSCD (molec cm-2)
DSCD error (molec cm-2)
RMS fit
AMF (VLIDORT 2.6)
VCD (molec cm-2)
SCD (molec cm-2)
Destriped VCD (molec cm-2)
Absolute VCD error (molec cm-2)
Relative VCD error (%)

5.18 ISA MAX-DOAS
The data are in ASCII format. For NO2 and HCHO, the dSCDs are found in separate files. The NO2
data is based on the original spectra, while the HCHO dSCDs are determined from 1-minute coadded spectra.
For NO2, also profile inversion results are provided on the server. The data files contain the
respective description of the columns in their first text row.

5.18 UV scanning depolarizationLidar –MILI
The data is provided in ASCII format. Data contains level 2.0 products: 1-h average backscatter and
extinction profiles and associated uncertainties.
File names: bu_yymmddhhmm_yymmddhhmm.b0532, where:
bu or tu-- station ID (Bucharest-Magurele/Turceni)
yy - year
mm - month
dd - day
hh - hour
mm - minute
start and stop times: yymmddhhmm_yymmddhhmm
b0355–type of measurement: daytime configuration at 355 nm
File content:
Altitude(m)
BackscatterCoefficient (1/(m*sr))
BackscatterCoefficientError (1/(m*sr))
ExtinctionCoefficient (1/(m)) - extinction from the backscatter, assuming a certain lidar ratio
ExtinctionCoefficientError (1/(m))
LidarRatio(sr) - assumed lidar ratio
LidarRatioError (sr)
All data is accompanied by quicklooks: .jpg files presented as high resolution time series of the Lidar
Range Corrected Signal at 355 nm. The quicklooks represent the temporal variation of aerosol
layering for different wavelengths, providing information about the dynamics of aerosol layers in the
troposphere. The maximum altitude of the measurement is given by the SNR strength
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6. AROMAT-2
6.1 Overview
An overview of the two campaign sites is presented. This section also describes the time schedule
followed for the golden days measurements that were performed during AROMAT-II.
The AROMAT-II campaign was built on the AROMAT-I experiment, but includes additional airborne
platforms. AROMAT-II campaign was held in Romania, measuring above the same geophysical
targets that were sampled during AROMAT-I, namely the Bucharest area and the Jiu Valley between
Rovinari and Craiova. The campaign was undertaken between 17 August and 1 September 2015.
Table 6.1, presented below, provides an overview of the data availability of all measurements
performed during the AROMAT-2 campaign. Tables were generated on a daily basis, thus facilitating
to check for coincident, high quality data sets.
Tables 6.1: An overview of the two campaign sites (Bucuresti and Turceni): time, location, and data quality
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6.2 Turceni as seen by various instruments
Meteorological situation
Synoptic context during the two weeks campaign was as follows:
During the first week (17th – 23rd of August, 2015), the southern Europe was under a low pressure
field (Fig. 6.1. Left panel). Air circulation in southern Romania was from east-northeast direction,
favoring the advection of a polar (continental) airmass The cold advection toghether with diurnal
heating has as a result an unstable weather, with cloudiness and showers mainly in the afternoons.
During the second week (24th – 31st of August, 2015)(Figure 6.1 right panel), the atmospheric
circulation over southern Europe has been shifted from the southwest direction, favoring the
advection of tropical air. The atmospheric column was under a high pressure system. As a result the
weather was fine with clear sky and no precipitation.

Page111 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Fig. 6.1: Averaged meteorological fields during the first (left) and second (right) week of AROMAT campaign;
500 hPa geopotential height (colour) and MSLP (white lines)

For both locations daily weather forecast has been provided by National Weather Forecast Centre of
ROMATSA.
Due to cyclonic regime during the first week, the weather in both location was unstable with
showers and low temperatures (maximum temperatures were around 200C)(Fig. 6.2 upper panel).
The dominant air circulation in Turceni area was from E (Fig. 6.2 lower panel in blue ).
During the second week, the weather was fine with cloudless sky and temperatures were increasing
up to 300C( Fig. 6.2 middle panel). The dominant air circulation within the lower troposphere was
from SE-S-SW ( Fig. 6.2 lower panel in red).
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Fig. 6.2: Meteorological data measured in Turceni- time series : upper panel temperature(relative humidity)
variation in red(green) for the first week and for the second week middle panel; lower panel compass wind -in
blue first week in red second week; golden days measurements are in the green rectangle

6.2.1 NO2 seen by various instruments
6.2.1.a NO2 CAPS
During AROMAT-2, the CAPS was installed in the INCAS BN-2 with the other in-situ instruments and
in particular the KNMI NO2sonde, which also measures NO2vmr. Note that the the two instruments
are compared in Sect. x. The INCAS BN-2 took off from Strejnicairfield and performed loops around
Bucharest, during 25,27,28,30 and 31 August 2016.
Figure 6.3 presents the CAPS measurements for all the flights of AROMAT-2 plotted versus the CAPS
pressure (which is typically 30 hPa under the air pressure due to the CAPS pump depression). It
shows for most of the flights a NO2 layer between 5 and 20 ppb, and this layer is always close to the
ground, in the first 500 m according to the pressure. This information is very interesting for the air
mass factors (AMFs) of the airborne DOAS instruments since these AMFsstrongly depend on the
relative position of the NO2 and aerosol layers. Note the negative values at high altitude.

Figure 6.3: Profile of NO2 volume mixing ratios plotted against the CAPS pressure.

6.2.1.b NO2 SONDE
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Unfortunately, during all 3 successful NO2-sonde flights conducted on August 25, 27 and 28, the
airplane soundings missed the Bucharest city plume. Therefore, no NO2 vertical profile for the
golden day, 28 August 2015, could be retrieved from the data. On August 27 and 28 when the BN-2
flew up to a greater altitude of 3.5 km, the only peaks visible in the entire measurement where
during landing, take-off, and when the plane crossed the plume at a constant flight altitude of ± 500
m. During both soundings the NO2vmr remained constant around 0-1 ppbv. For future airborne
campaigns in the Bucharest area, it would be helpful to have the authorization to make soundings all
around Bucharest, so the city air pollution plume could always be captured.In addition, mobile DOAS
measurements should be conducted before every research flight take off, in order to localize the
plume and subsequently finalize the flight plan.

Figure 6.4: During the BN-2 flight on August 28, a peak in NO2 is visible when the plane flies through the plume
at a constant flight altitude of ± 500 m. Just before the plane starts performing a sounding up to and down
from 3500 m around 08:40 UTC, it exits the plume and the NO2vmr remains constant between 0 and 1 ppbv
throughout the sounding and the rest of the flight.

6.2.1.c AirMAP
Figure 6.5 presents Figure 4.5: NO2 vertical column densities above the Turceni power plant
measured by AirMAP, in its experimental UV setup, on 2015-08-28 (Friday), capturing the exhaust
plume over a a distance of around 13 km. A constant albedo of 0.03 was assumed in the the
derivation of VCDs. Measurements with an RMS larger than 0.02 were excluded. Slightly negative
values can occur due to instrumental noise and VCD close to the detetection limit.
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Figure 5.5: NO2 vertical column densities above the Turceni power plant measured by AirMAP, in its
experimental UV setup, on 2015-08-28 (Friday), capturing the exhaust plume over a a distance of around
13 km. A constant albedo of 0.03 was assumed in the the derivation of VCDs. Measurements with an RMS
larger than 0.02 were excluded. Slightly negative values can occur due to instrumental noise and VCD close to
the detetection limit.

6.2.1.d SWING
Figure 6.6 present the SWING measurements of NO2 performed above the Jiu Valley on 28 August
2015. The NO2 and SO2 fields exhibit similar spatial patterns with a clear source for both species in
the power plant of Turceni, leading to a NO2 and SO2 plume going in the North West direction. The
largest SO2 columns are found inside the plume and reach 7e17 molec.cm-2while the maximum NO2
is around 8e16 molec.cm-2. Interestingly, the maximum for both species is not observed exactly at
the same position: the maximum SO2 lies just above the power plant whereas the maximum NO2 is
2.4 km downwind. Although this finding should be taken with care considering the uncertainties, it
could be expected from known tropospheric chemistry (NOx are emitted as NO and are oxidized to
NO2in a second step).
Three areas with elevated columns on the east of the Turceni plumeare also visible on both the NO2
and SO2 maps. For both species, the three areas exhibit decreasing columns from North to
South.They are probably linked with the power plants downstream of the Jiu River compared to
Turceni, namely Isalnita and Craiova II which were not covered by the flight.
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Figure 6.6: Horizontal distribution of NO2 VCD as measured by SWING in the Jiu Valley on 28 Aug 2015

6.2.1.e ULM DOAS
Figure 6.7 presents the UGAL ULM-DOASmeasurements performed on 27 August 2015 during the
AROMAT-2 campaign over the Jiu Valley. On this day, the mobile instrument was operated between
Rovinari and Craiova, crossing the plumes of four major power plants in the Valley (Craiova, Isalnita,
Turceni and Rovinari). The largest observed VCDs are of the order of ~4.5e16molec.cm-2for NO2 .

Figure 6.7: Horizontal distribution of NO2 VCD as measured by ULM-DOAS in the Jiu Valley on 28 Aug 2015

6.2.1.f Mobile DOAS (UV and VIS systems)
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Figure 6.8 presents the tracks on which the Zenith-only BIRA Mobile-DOAS spectrometers was used
during AROMAT-2, i.e. from the Jiu Valley between Rovinari and Craiova and around and inside
Bucharest, covering 11 days of the campaign between August 19 and September 1st, 2015.

Figure 6.8: Overview of the Mobile DOAS measurements performed with the BIRA MobileDOASuv instrument

Figure 6.9 presents the BIRA Mobile DOASmeasurements performed on 28 August 2015, the golden
day of the AROMAT-2 campaign for the Jiu Valley. On this day, the mobile instrument was operated
between Turceni and Craiova, crossing the plumes of three major power plants in the Valley
(Craiova, Isalnita, and Turceni). The largest observed VCDs are of the order of 7e16 for molec.cm-2for
NO2 and 1.5e18molec.cm-2for SO2. Note that this dataset can usefully be compared with the
instrument onboard the Cessna (AirMAP, SWING).
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Figure 6.9: Mobile DOAS measurements of NO2 and SO2 VCDs in the Jiu Valley (28 August 2015)

6.2.1.g Mobile DOAS (MPIC)
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Figure 6.10: NO2 VCDs measured by the MPIC tube-MAX-DOAS on 28 August 2015 for selected periods.

6.2.1.h Zenith-Sky Mobile-DOAS
Figure 6.11 presents the UGAL Mobile DOASmeasurements performed on 25 August 2015, one of
the best days of the AROMAT-2 campaign for the Jiu Valley. On this day, the mobile instrument was
operated between Turceni and Craiova, crossing the plumes of three major power plants in the
Valley (Craiova, Isalnita, and Turceni). The largest observed VCDs are of the order of 7e 16 for
molec.cm-2 for NO2.

Figure 6.11: NO2 VCDs measured by the ULM-DOAS system on 25 August 2015
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6.2.1.i ALTIUS
The best scene conditions were met on the 24th of August 2015 as almost no clouds could be
observed in the background, and the smokes were optically thin. Spectral images were taken with an
exposure time of 0.5 second every 1.3 second, switching over four wavelengths (two weak ones and
two strong ones): λw1=446.7 nm, λw2=465.8 nm, λs1=448.1 nm, λs2=463.2 nm. After correcting for
biases and instrumental effects, the equations described above were used to retrieve the plume NO2
SCD. The uncertainty is about 5.1016 molecules cm-2.

th

Figure 6.12: Two plume NO2 SCD maps recorded on the 24 of August 2015 at Turceni’s power plant.

6.2.2 SO2 seen by various instruments
6.2.2.a In-situ observations (INOE)
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Fig. 6.13: Time series SO2 O3 NO, NO2 and NOx, CO, volatile compunds concentration at ground level,
Turceni

Similar behavior can be seen for NO, NO2,CO with only one peak during the day at about,
0.3ppb,0.9ppb and 0.11ppm, respectively much lower then in the previous campaign 2014
The O3 pattern show clear diurnal cycle with the highest values during the day reaching about 80
ppb during lunch time.
The SO2 concentrations show a significant increase at about same time of the day reaching 35ppb
CH4 and THC concentrations at ground level almost constant at about 2.3 and 2.5 ppm respectively
6.2.2.b AirMAP
These measurements were carried out at the campaign site Turceni power plant, located in the Jiu
valley, 220 km West of Bucharest. The power plant is an isolated point source in a rural area.
Adjacent flight legs were flown, starting in the West. In order to be able to measure SO2, AirMAP was
operated in its UV setup. While this is the only possibility to measure SO2, the availability of light is
much reduced as compared to the visible spectral range. The reduced light availability reduces the
signal to noise ratio and thus increases the scatter of retrieved trace gas column densities. NO2would
thus generally be retrieved in the visible, but can also be retrieved in the UV if AirMAP’s primary goal
is to measure SO2.
Figure show the retrieved VCD of SO2. Both trace gases (NO2 and SO2) have a similar spatial
distribution, forming a plume propagating in North-Western directions. Besides the major plume
several further small hot spots with co-located elevated levels of NO2 and SO2 are observed.
Inside the plume, SO2 VCDs reach levels of up to 7 x 1017 molec cm-2. NO2 VCDs are one order of
magnitude smaller.
The azimuth of the flight pattern was not optimal to cover the plume over the whole distance of the
flight pattern. The azimuth of the flight pattern has to be known approximately 2 hours before the
actual measurements (30min programming of the navigational system + 30min preparation for
takeoff + 1 h transfer flight). The wind speed during these measurements was low and the azimuth
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of the plume propagation was probably not constant. However, AirMAP could map the extent of the
plume up to a distance of approximately 13 km from the stack.

Figure 6.14: SO2 vertical column densities above the Turceni power plant measured by AirMAP on 2015-08-28
(Friday), capturing the exhaust plume over a a distance of around 13 km. A constant albedo of 0.03 was
assumed in the the derivation of VCDs. Measurements with an RMS larger than 0.02 were excluded. Slightly
negative values occur over some areas due to instrumental noise and VCD close to the detetection limit.

6.2.2.c SWING
Figure 6.15 present the SWING measurements of SO2, performed above the Jiu Valley on 28 August
2015. The NO2 and SO2 fields exhibit similar spatial patterns with a clear source for both species in
the power plant of Turceni, leading to a NO2 and SO2 plume going in the North West direction. The
largest SO2 columns are found inside the plume and reach 7e17 molec.cm-2while the maximum NO2
is around 8e16 molec.cm-2. Interestingly, the maximum for both species is not observed exactly at
the same position: the maximum SO2 lies just above the power plant whereas the maximum NO2 is
2.4 km downwind. Although this finding should be taken with care considering the uncertainties, it
could be expected from known tropospheric chemistry (NOx are emitted as NO and are oxidized to
NO2in a second step).
Three areas with elevated columns on the east of the Turceni plumeare also visible on both the NO2
and SO2 maps. For both species, the three areas exhibit decreasing columns from North to
South.They are probably linked with the power plants downstream of the Jiu River compared to
Turceni, namely Isalnita and Craiova II which were not covered by the flight.

Page123 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Figure 6.15: Horizontal distribution of SO2 as measured by SWING in the Jiu Valley on 28 Aug 2015

6.2.2.d SO2 camera (BIRA)
During the AROMAT-2 campaign, the EnviCam3 camera was operated from the FUB Cessna, (see
Fig. 6.16, and in SWING section), pointing to nadir in coincidence with the AirMAP and SWING
instruments. This experiment was, to our knowledge, the first attempt of operating such an SO2
camera from a plane in nadir geometry.
The camera recorded pictures on its two channels (310 and 330 nm) on the flight above Turceni, on
28 August 2015. Figure 5 shows an example of recorded pictures during the flight.
The attempt of using the SO2 camera in nadir geometry from the plane was not successful. Two
important problems arise compared to the nominal way of using the camera, i.e. from the ground in
a fixed position and pointing to the sky through an SO2 plume:

-

The signal (SO2 absorption) is much weaker and comparable to the signal to noise ratio
(nothing appears on Apparent Absorbance images)

-

The background levels for the two channels is constantly varying due to the plane movement
(tricky to achieve synthetic background; no background correction applicable)

Note that no overpass over the power plant has been proceeded. Then no direct vision of the SO2
plume emitted from the chimneys of the power plant has been recorded. Due to these two issues,
we could not identify a clear SO2 signal from EnviCam3 camera in the AROMAT airborne dataset.
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Figures 6.16: Images at the Apparent Absorbance of the SO2 camera recorded during the flight above Turceni
on 28 August 2015.Map from a zenith-only mobile-DOAS spectrometer (Avantes UV, same as in SWING)

6.2.2.e ULM DOAS
Figure 6.17 shows the UGAL ULM-DOAS measurements performed on 25 August 2015, one of the
sunny days of the AROMAT-2 campaign for the Jiu Valley. On this day, the mobile instrument was
operated between Turceni and Craiova, crossing the plumes of three major power plants in the
Valley (Craiova, Isalnita, and Turceni). The largest observed SCDs are of the order of ~7e16 for
molec.cm-2 for SO2 nearby Turceni power plant. Note that this dataset can usefully be compared with
the instrument onboard CAR-DOAS system from the ground.
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Figure 6.17: ULM-DOAS measurements of SO2 the Jiu Valley (25 August 2015)

6.2.2.f Mobile DOAS (UV and VIS systems)
Figure 6.18 presents the BIRA Mobile DOAS measurements performed on 28 August 2015, the
golden day of the AROMAT-2 campaign for the Jiu Valley. On this day, the mobile instrument was
operated between Turceni and Craiova, crossing the plumes of three major power plants in the
Valley (Craiova, Isalnita, and Turceni). The largest observed VCDs are of the order of 7e16 for
molec.cm-2 for NO2 and 1.5e18 molec.cm-2 for SO2. Note that this dataset can usefully be compared
with the instrument onboard the Cessna (AirMAP, SWING).

Figure 6.18: Mobile DOAS measurements of NO2 and SO2 VCDs in the Jiu Valley (28 August 2015)

Page126 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

6.2.2.g Mobile DOAS (MPIC)

Figure 6.19: SO2 VCDs measured by the MPIC tube-MAX-DOAS on 28 August 2015 for selected periods.

6.2.1.h Zenith-Sky Mobile-DOAS
Figure 6.20 presents the UGAL zenith-sky car-DOAS SO2 measurements performed on 27 August
2015, on one of the sunny day of the AROMAT-2 campaign on the Jiu Valley. On this day, the mobile
instrument was operated between Turceni and Craiova, crossing the plumes of three major power
plants in the Valley (Craiova, Isalnita, and Turceni). The largest observed SO2 SCD was detected
around Turceni power plant, 15.3e17 molecules/cm2.

Figure 6.20: Mobile DOAS measurements of SO2 SCDs around Turceni power plant (27 August 2015)
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6.2.1.i SO2 cameras

Fig. 6.21: UV image of furnance in Turceni

Comments: Kerstin Stebel will try to analyze the data and write an article with INOE team on the
special issue AMT.

6.2.3 HCHO and aerosols seen by various instruments
6.2.3.a UV scanning depolarizationLidar -MILI

Fig. 6.22: Times series of: (left) Range Corrected Signal of the aerosol lidar at 355 nm; (right) aerosol PBL
height, for 07:50-10:25 UTC interval (no other layer detected)

During the August 28 PBL heigh was at about 1.5km during morning slightly decreasing to 1. 2km.
No other layer detectable with the gradient method (Figure 6.22 right), eventhough in the RCS
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time series and in the extinction coeffiecient profile a second layer at about 2 km is visible(Figure
6.22 left ).

Fig. 6.23: Time series of hourly lidar-PBL heights , comparison with forecasted ECMWF PBL; golden day data
are in the green rectangles

During 24.08-30.08 the aerosol load above Turceni was measured by lidar; The PBL height from lidar
varied between 600m to about 2300m. The ECMWF prognosis is completely missing the PBL height
during the night(depicted as very close to zero-red in Figure 6.23) while during the day is consistent
with the trend of the PBL height detected in the lidar data.

6.2.3.b Trace gases
Figures 6.24 Time series of SO2 O3 NO, NO2 and NOx, CO, volatile compunds concentration at ground
level, during 2015 campaign in Turceni.
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Fig. 6.24: Time series of SO2 O3 NO, NO2 and NOx, CO, volatile compunds concentration at ground level, during
2015 campaign in Turceni; golden days measurements are in the green rectangle

The ground based measurements indicate the presence of a local SO2 - NOx source. The wind
direction data at ground level shows NE influence during the first week while for the next week SW
predominance.
Similar behavior can be seen for NO and NO2 with values below 5ppb and 15 ppb respectively much
lower then in the previous campaign 2014
The O3 pattern changed during the second week with very clear diurnal cycle and higher maximum
values during the day reaching about 80 ppb.
The SO2 concentrations show a significant increase at about same time of the day(mornings). A very
high peak is reached on the 26.08.2016 at about 270 ppb, while on the 25 th and 27th reached only
about 100ppb.
CH4 and THC concentrations at ground level almost constant at about 2.5 ppm.
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6.3 Bucharest
Meteorological situation

Fig. 6.25: Meteorological data measured in Magurele- time series : upper panel temperature(relative humidity)
variation in red(green) for the first week and for the second week middle panel; lower panel compass wind -in
blue first week in red second week; golden days measurements are in the green rectangles

Due to cyclonic regime during the first week, the weather in both location was unstable with
showers and low temperatures (maximum temperatures were around 200C). The dominant air
circulation in Magurele was from NE - E.
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During the second week, the weather was fine with cloudless sky and temperatures were increasing
up to 300C. The dominant air circulation within the lower troposphere was shifting from NE-E(city
influence) to SW-W.

6.3.1 NO2 seen by various instruments
6.3.1.a OMI
OMI data was available for August 31, 2015 (Fig. 6.). The daily average cloud screened
measurements show a NO2 concentration of 4.9x 1015 molecules/cm2 at Magurele and a value of
4.34 x 1015 molecules/cm2 at Turceni.Unfortunately no measurements were done at the ground
based related to NO2.

Fig. 6.26: NO2 Total column daily averaged OMI measurements over Romania on 31 August 2016

6.3.1.b SWING
Figure 6.27 and 6.28 presents the SWING NO2 measurements performed on the two overpasses of
the afternoon flight of Monday 31 August 2015. The situation appear more stable than during the
morning flight. The NO2 columns are lower (2.5e16 molec.cm-2) than in the morning, but clear spatial
gradients are still clearly visible. Both overpasses show a NO2 plume blown from the city center to
the North West direction. The upwind part of the city appears very clean with background level at
or below the detection limit (2e15 molec.cm-2).
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Figure 6.27: Swing measurements of NO2 above Bucharest on 31 August 2015 (PM flight, first
overpass)

Figure 6.28: Swing measurements of NO2 above Bucharest on 31 August 2015 (PM flight, second
overpass)

6.3.1.c Mobile DOAS (BIRA)
During Aromat-2 Bucuresti 2015 campaign, the car was driving back and forth on the West-East
direction in the city center to estimate the short term variability of the NO2 field inside the city. Each
drive lasted around 30 minutes. The observed NO2 VCDs range from 5e15 molec.cm-2to 3.5
molec.cm-2 (see Figures 6.29 and 6.30). One observes rapid variation of the NO2 field with maxima
moving from West to East and then to central positions. This observed short term variability is
interesting for instance for future airborne/mobile comparisons.
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Figure 6.29: Mobile DOAS measurements of NO2 in Bucharest on 31 August 2015

Figure 6.30: Time series of the NO2 Mobile-DOAS measurements in Bucharest, 31 August 2015
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6.3.1.d Mobile DOAS – UGAL
Figures 6.31 and 6.32 presents the tropospheric NO2 VCD derived from the zenith-sky Car-DOAS
measurements performed by UGAL on 30 August 2015 and respective 31 August 2015 during
AROMAT-2 campaign.

Figure 6.31: Mobile DOAS measurements of NO2 in Bucharest on 31 August 2015

Figure 6.32: Mobile DOAS measurements of NO2 in Bucharest on 30 August 2015

6.3.1.e AIRMAP
Measurements on 2015-08-31
On this day (Monday) 2 flights were performed;one in the morning (~ 7:00 - 9:00 UTC), and one in
the afternoon (~12:00 – 14:00 UTC). The morning flight aimed at investigating short term variability
by repeating the same flight pattern almost 3 times, with approximately constant temporal offsets of
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40 minutes between each overpass. In the afternoon a larger area was covered, aiming at pollution
mapping of the whole city.
Morning
In this section four figures are shown. The first three figures show the results of the individual flight
patterns, while the last figure shows the averaged NO2 distribution of the three individual
overpasses.
Figure 6.33: shows the first overpass, which took place between 7:06 – 7:46 UTC.Figure 6.34: covers
the same area in the timespan 07:46 – 8:23 UTC but shows in general larger NO2 VCD. During the
third overpass(8:23 – 8:53 UTC) shown in Figure 6.35: the NO2 VCD increase further. Not only the
general NO2 level is increasing, but also the spatial distribution of the NO2field shows relatively
strong variation with time. While the first overpass shows no clear horizontal propagation of
pollution, the NO2 field moves further North with time. This behavior can clearly be observed at the
emissions of a power plant in the Western part of the city (highlighted in the pink ellipse). During the
first overpass in Figure 6.33: it shows up as a hot spot of high NO2levels, but no plume is observed.
With increasing time, the subsequent overpasses in Figure 6.34 and Figure 6.35, observe a clear
plumethat propagates northwards. This behavior of the power plant plume can be regarded as an
indicator for the general spatio-temporal variability of the NO2 field, which is also observed in the
city center. The direction of the power plant plume indicates winds coming from the South. The
increasing NO2 levels in the city center may thus be caused by transport of pollution from southern
parts of Bucharest that were not covered during the flights. These observations make clear, that the
urban NO2 distribution shows strong variations within timescales of 40 minutes, which may also be
observed from the upcoming Sentinel-4 satellite, having an hourly sampling at a nominal spatial
resolution of 8x8 km2.Figure 6.37 shows a composite of all 3 overpasses of this morning flight.

Figure 6.33:NO2 vertical column densities above Bucharest measured by AirMAP on 2015-08-31 (Monday) in
st
the time interval, 7:06 – 7:46 UTC (1 overpass). The flight patterncovers an area of 30 km x 10 km.
Measurements with an RMS larger than 0.02 were excluded. Major roads are overlaid for orientation.
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Figure 6.34: NO2 vertical column densities above Bucharest measured by AirMAP on 2015-08-31 (Monday) in
nd
the time interval 7:46 – 8:23 UTC (2 overpass). The flight pattern covers an area of 30 km x 10 km.
Measurements with an RMS larger than 0.02 were excluded. Major roads are overlaid for orientation.

Figure 6.35: NO2 vertical column densities above Bucharest measured by AirMAP on 2015-08-31 (Monday) in
rd
the time interval 8:23 – 8:53 UTC (3 overpass). The flight patterncovers an area of 30 km x 10 km.
Measurements with an RMS larger than 0.02 were excluded. Major roads are overlaid for orientation.
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Figure 6.37: NO2 vertical column densities above Bucharest measured by AirMAP on 2015-08-31 (Monday) in
the time interval 7:46 – 8:53 UTC (composite of 3 overpasses). The flight patterncovers an area of
2
30 km x 10 km . Measurements with an RMS larger than 0.02 were excluded.Major roads are overlaid for
orientation.

Afternoon
During the afternoon flight on 2015-08-31 (Monday), two different patterns were flown. The first
pattern aimed at mapping of NO2 across the whole city, while the second pattern repeated the flight
tracks of the morning flight. The mapping of the whole city is shown in Figure 6.38. These
measurements took place in the time interval 11:56-13:04 UTC. Besides a small plume of the
previously mentioned power plant, a large plume is spreading from the city center towards the
North-West-West. The southern part of the city shows rather clean conditions. The low NO2 levels in
the South indicate again a high spatio-temporal variability of NO2, as pollution seemed to be
transported from this region during the morning flights.
Figure 6.39 displays the results of the second small flight pattern, covering solely the city center.
These measurements took place in the time interval 13:08 – 13:38 UTC. Compared to the first
overpass of that area during that flight, only little changes in the NO2distribution are observed. This
can also be seen by comparing Figure 6.38 to Figure 6.40, which shows a composite of the two flight
patterns. Both figures show a similar distribution, indicating only little changes in the NO2field
between.
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Figure 6.38: NO2 vertical column densities above Bucharest measured by AirMAP on 2015-08-31 (Monday) in
st
the time interval 11:56 – 13:04 UTC (1 overpass). The flight patterncovers an area of 30 km x 20 km.
Measurements with an RMS larger than 0.02 were excluded. Slightly negative values occur due to instrumental
noise and VCD close to the detetection limit.Major roads are overlaid for orientation.

b

Figure 6.39: NO2 vertical column densities above Bucharest measured by AirMAP on 2015-08-31 (Monday) in
nd
the time interval 13:08 – 13:38 UTC (2 overpass). The flight patterncovers an area of 30 km x 10 km.
Measurements with an RMS larger than 0.02 were excluded. Slightly negative values occur due to instrumental
noise and VCD close to the detetection limit.Major roads are overlaid for orientation.
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Figure 6.40 : NO2 vertical column densities above Bucharest measured by AirMAP on 2015-08-31 (Monday) in
the time interval 11:56 – 13:38 UTC (composite of 2 overpasses). The flight patterncovers an area of
2
30 km x 20 km . Measurements with an RMS larger than 0.02 were excluded.Slightly negative values occur due
to instrumental noise and VCD close to the detetection limit.Major roads are overlaid for orientation.

6.3.2 SO2 seen by various instruments
6.3.2.a Mobile-DOAS MPIC

Figure 6.41: SO2 VCDs measured by the MPIC tube-MAX-DOAS on 31 August 2015 for selected periods.
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6.3.3 HCHO and Aerosols seen by various instruments
6.3.3.a Chemical composition- Aethalometer data

Fig. 6.42: Time series of Black Carbon concentrations near the ground surface; golden days measurements are
in the green rectangles

Source apportionment methodology applied to aethalometer data is based on specific absorption of
Black Carbon (BC) coming from biomass burning or fossil fuel combustion. The wavelengths used for
deconvolution were 470 and 880nm.
During the entire period of measurements high concentrations in fossil fuel black carbon were
recorded, specific for summer time in Magurele, a preurban area. The average concentration for
fossil fuel is 1315 ng/m3 while for biomass burning the average concentration is 460 ng/m3.
Usually the measurement period has been characterized by higher concentrations of fossil fuels
specific black carbon, with high peaks starting from 26th August( at about 14x103 ng/m3). The wood
contribution to black carbon concentration has been less than 30%, higher concentrations being
evidenced on 24-25 August.
6.3.3.b Aerosol LIDAR

Fig. 6.43: Times series of: (left) Range Corrected Signal of the aerosol lidar at 1064 nm; (right) aerosol PBL
height for the time interval 07:00-09:00 UTC time interval(no other layer was present)
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Figure 6.44: Times series of Range Corrected Signal of the aerosol lidar at 1064 nm: (left panel) Aerosol PBL
height and top of the first layer; (right panel), for 11:40-13:30 UTC time interval

Fig. 6.45: Extinction coefficient profiles at 532nm, one hour average

During the August 28 PBL heigh was at about 1km during morning increasing to 2km. A second layer
started to be visible in the RCS time seris after 11:30 (Figure 6.44). The aerosol load in the PBL was
high during the entire day, as extinction coefficient had values up to about 1100 1/Mm. The layered
structure of the atmosphere can be observed starting 11:40 (Figure 6.44).
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6.3.3.c Aethalometer

Fig. 6.46: Time series of Black Carbon concentrations near the ground surface

During August 28, the black Carbon concentrations had higher values than the average of the
measurements period, with average concentration for fossil fuel of 1701ng/m3 and of 630 ng/m3 for
biomass burning. Low amounts of BC biomass burning and nearly constant characterized the entire
day, while the BC fossil fuel important peaks for almost three hours are present due to a nearby
source most probably related to traffic.
6.3.3.d Sunphotometer data

Fig. 6.47: Time series AOD (left panel), Angstrom exponent(middle panel) and size distribution (right panel) for
st
the 31 of August

Sunphotometer measurements show the predominance of small particles(fine mode) with a high
average Angstrom exponent of 1.8, while AOD at 500nm was 0.243 indicating a possible influence of
the long range transported biomass burning.
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Fig. 3.48: Time series of lidar-derived AOD, comparison with sun photometer AOD (VIS); golden day
measurements are in the green rectangles

Fig. 6.49: Time series of lidar-derived PBL height(blue) and top of the first aerosol layer(green), comparison with
ECMWF PBL height(red); golden day measurements are in the green rectangles;

Comments: During 24.08-30.08 the aerosol load above Magurele was almost constant as it was
measured by lidar; the aerosol optical depth varied between 0.15 to 0.25 in good agreement with
the ones derived from sunphotometer measurements (Fig. 3.48) A peak of about 0.38 is reached on
the 30th of August, while the lowest values is recorded in the morning of 01st of September (0.05-0.1)
The PBL height from lidar varied between 900m to about 2000m. A second layer is also vizsible in all
days. The ECMWF prognosis is completely missing the PBL height during the night(depicted as very
close to zero-red in Figure 6.49 while during the day is consistent with the altitude of the first layer
detected in the lidar data (Figure 6.49).
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6.4 Intercomparison CAPS/NO2 sonde and AirMAP/Swing
6.4.1 Intercomparison CAPS/NO2 sonde
Although the data sets recorded by CAPS and the NO2-sonde are highly correlated, scaling of the
NO2-sonde NO2-signals to the NO2 volume mixing ratios recorded by CAPS, results in scaling factors
that vary widely from day to day. If both instruments would have displayed an absolute sensitivity to
NO2, these fitted scaling factors should have been one, constant multiplication factor. So far, this
inconsistency between the NO2-sonde and CAPS data set could not be explained.
According to the algorithms mentioned in Section 4.4, the NO2-sondeNO2-signal was corrected for a
temperature dependent dark current, the sonde’spump rate (at the ground), and temperature
dependent sensor efficiency,before it was being fitted to CAPS data using ordinary least square
linear regression. The only two remaining parameters known to be able to influence the NO2-signal
are the pH of the luminol solution, which acidifies over time due to a reaction with CO2 from the air
and a small sensitivity to O3. Nevertheless, the effect of decreasing NO2-sensor sensitivity due to
decreasing sensing liquid pH is negligible when the total measurement duration is under 3 hours. All
3 NO2-sonde flights during AROMAT-II had a total measurement time of less than 2 hours, ruling out
decreasing sensing liquid pH to be a causal factor for the observed scaling factor deviation. Second
known interference is the NO2-sonde’s sensitivity to O3, which is in the order of magnitude of 2% per
molecule. Since an offset was fitted along with the scaling factor, the effect of Ozone on the NO 2sonde NO2-signal, if present,would be contained within this offset without affecting the height of the
fitted scaling factor.From the point of view of the NO2-sonde, instability of the detector appears to
be the only logical explanation for the markedly different scaling factors.
Another issue with the NO2-sonde is that during AROMAT-II campaign partners tried to operate the
instrument on an ultralight aircraft and during BN-2 flights on August 30 and 31 in absence of the
KNMI operator, and all these attempts were unsuccessful. This stresses the importance for KNMI to
work on the development of an understandable manual and to improve the user friendliness of the
NO2-sonde.
Since so far, no plausible explanation for the inconsistency between the NO2-sonde and CAPS data
set could be determined based on our understanding of the NO2-sonde measurement principle, the
performance of CAPS during AROMAT-II was further investigated. This campaign was the first time
ever that a CAPS NO2-analyzer was deployed on-board an aircraft, so no a priori knowledge of issues
during airborne operationwas available. The manufacturer recommended the installation of an
additional particle filter, and although this filter did not arrive in time, no big effect on the CAPS
sensitivity to NO2 is expected from the lack of this filter.Indications of what might be the cause of a
more reduced sensitivity of CAPS to NO2, were found in the CAPS manual. In this manual it is clearly
stated that after CAPS is switched on, the monitor first enters a warm-up cycle which duration is a
function of the time the instrument has been switched off, with a maximum of 30 minutes. During
AROMAT-II, all instruments inside the BN-2 except for the sonde,were powered from a car battery
providing a maximum of 1.5 hour of power. As a consequence, CAPS could not be switched on prior
to the BN-2 take-off, thus its necessary warm-up cycle was ignored. Also it is mentioned that after an
extended operation stop, the time for CAPS to stabilize can be up to 24 hours. This could have led to
an underestimation of the NO2vmrs recorded by CAPS, especially during the first measurement in
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the BN-2 on August 25, when the instrument had been switched off since August 18. It is clear that
during the BN-2 test-flight on August 25, the calculated scaling factor for the NO2-sonde data, is a
factor 2.6 smaller than the scaling factor from August 28, which could have been caused be a
lowered sensitivity of CAPS to NO2 resulting from the neglected stabilization and warm-up time.
The scaling factor derived from the flight on August 28 with a value of 97.4 ppbv/V is trusted most,
since it is in good agreement with a scaling factor derived for the same detector from a
measurement side-by-side a CRDS NO2 analyzer during the NASA DISCOVER-AQ campaign in
Colorado in 2014. The scaling factor calculated then, was 90.4 ppbv/V which differs only 7 % from
the scaling factor calculated during AROMAT-II on August 28, which is within the accepted error
range for NO2-sonde measurements of 10 %.
The scaling factor calculated from the measurement on August 27, on the contrary, seems to be a
factor 1.5 too high compared to results from DISCOVER-AQ in 2014 and the BN-2 flight on August 28.
However, also this error could be explained by the ignored warm-up time of CAPS. Because of this,
only the smaller peak at the end of the measurement could be used for the fit, since the first, higher
peak appeared within the first 15 minutes of the measurement, when CAPS was still warming-up. By
the end of the measurement, the NO2-sonde probably hada slightly decreased sensitivity to NO2 due
to heating and acidification of the sensing liquid, which current corrections do not sufficiently
correct for. The underestimation of CAPS during the first 15 minutes of the flight on August 27, can
be clearly seen in figure 6.50a and 6.50b below:

Figure 6.50: (left): Part of the CAPS measurement on August 27 without the first 15 minutes used to calculate
the NO2-sonde scaling factor from in blue. Figure 7b (right): The CAPS data set from figure 7a including the
first 15 minutes of the measurement, clearly showing CAPS is underestimating the NO 2vmr during this warmup period.

Lastly, the CAPS device was not designedfor airborne application, but rather for stationary
measurements for monitoring purposes.During its measurements inside the BN-2 aircraft, CAPS has
been displaying many negative values when the plane was flying at a high altitude. For future
airborne deployment of the CAPS monitor it is important that the relationship between ambient
pressure, temperature and optical loss of the instrument is better understood.
In order to improve data quality it is highly recommended that a stabilization period after
transportation and a warm-up period before every measurement are taken into account. To achieve
this,a power outletin the Strejnic hangar or a more powerful battery inside of the BN-2 aircraft
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needs to be established. In addition more zero reference measurements should be conducted before
as well as during the flight at a higher altitude.

6.4.2 Intercomparison SWING-AirMAP
During the AROMAT-2 flights, SWING was operated in parallel with AirMAPonboard the Cessna. We
have compared the nadir slant columns of SO2 and NO2. To match the different field-of-view
between AirMAP and SWING, the DSCDs of the three most nadirAirMAPfibers(fibers numbered
17,18, and 19 in the AirMap dataset) were averaged and AirMap DSCD time series was interpolated
in the coarser SWING time axis. The results are presented in the following figures (Fig. 6.51 and Fig.
6.52) for all SWING flights except the Sunday one over Bucharest, which contains very little NO2.
Figure 6.51 presents the intercomparison between SWING and AirMAP for the SO2 measurements
above the Jiu Valley on 28 August 2015. Most of the observed structure in the SO2 DSCD time series
are visible in both dataset. The correlation coefficient is around 0.85, and the slope between the two
instruments is between unity and 1.1. SWING time series appear noisier, which is related to the
smaller detector and the lack of thermal stabilization of the instrument. Note also that at the
beginning of the time series, negative SWING DSCDs are observed which are probably related to
instabilities in the UV range of the Avantes spectrometer, an effect which was also observed with
the Mobile-DOAS measurements performed from the ground with a similar spectrometer.

Figure 6.51: Intercomparison of SWING and AirMAP SO2 DSCDs above Turceni (28 August 2015)

Figure 6.52 presents the intercomparison between SWING and AirMAP for NO2 and for the two
flights of Monday 31 August 2015 above Bucharest. The agreement is even better than for SO2 with
similar slopes but correlation coefficients above 0.9. SWING DSCDs are still noisier but no instability
can be observed at the beginning of the time series, this pattern seeming to be only present in the
UV. Note that the difference between the two flights can be at least partly attributed to the
differences in sampled NO2 fields, which present a lower dynamic range in the afternoon flight.

Page148 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Figure 6.52: Intercomparison of SWING and AirMAP NO2DSCDs for the two Monday flights of AROMAT-2 above
Bucharest (31 August 2015)

6.5 Berlin (NO2)
In addition to the flights in Romania, flights were performed in Berlin, Germany. These flights include
a) the test flight after installation of AirMAP into the Cessna and b) a mapping of the NO2 distribution
above Berlin prior to the uninstallation of AirMAP from the Cessna. Unfortunately no supporting
measurements are available for the flights in Germany.
Geophysical target
Figure 6.53 shows NOx emission strengths taken from the “Umweltatlas” for Berlin. The data is
provided by the senate of Berlin and can be downloaded without any restrictions
(http://fbinter.stadtberlin.de/fb/?loginkey=alphaDataStart&alphaDataId=s_emiss_alle_1989_2009@
senstadt). The latest data available lists data for the years 2008/2009. The data displayed here shows
the total NOx emissions listed in this inventory from all individual sectors such as industry, traffic and
domestic sources.
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Figure 6.53: Total NOx emissions as reported in the "Umweltatlas" for the year 2009. The grid has a spatial
2
resolution of 1x1km . The pink outline shows the administrative boundaries of Berlin.

The contribution of the individual sectors to the total NOx emissions is shown in Figure 6.54.
According to the data of the “Umweltatlas”, traffic and industry are the dominant sources of NOx.

Figure 6.54: Contributions of individual sectors to the total NOx emissions as listed in the "Umweltaltas".

Results
The results shown in this section summarize the flights above Berlin that were performed in the
context of the AROMAT-2 and AROMAPEX campaigns. In total the results of four flights are
presented. The first of them is the test flight after installation of AirMAP and FUBISS-ASA2 on 201508-11 before the measurements in Romania. The second flight was performed after the end of the
AROMAT-2 campaign, and was performed just prior to the uninstallation of AirMAP from the Cessna
on 2015-09-28. For these two flights no dedicated supporting measurements exist. Please note, that
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the color scale was changed with respect to the figures shown for the flights in Romania. To enhance
the dynamic range, the colors now correspond to values which are smaller by a factor of two.
The other two flights were performed in the context of the AROMAPEX campaign, which was
dedicated to a comparison of the airborne imaging DOAS instruments AirMAP and APEX. These two
flights were both performed on 2016-04-21, one flight in the morning and one flight in the
afternoon. During these flights, a variety of supporting measurements was performed, comprising
mobile car-DOAS measurements as well as stationary measurements of atmospheric constituents at
the roof top of FUB.
Wind information for all the presented flights is shown in Figure 6.55. The data shows the wind
direction and speed for the altitude 298 m a.m.s.l. and was extracted from ECMWF ERA-interim
model re-analysis data. The figure can only give an estimate on the wind conditions, because the
spatio-temporal resolution of 0.75°x0.75° and six hours, respectively, is not high enough to
represent the actual conditions in the area and time of the flights.

Figure 6.55: Wind direction and speed, extracted from ECMWF ERA-interim for the grid cell closest to Berlin's
center. Each of the plots represents one day, on which research flights were performed. The markers indicate
the direction, where the wind was blowing from. The distance from the center of the circle corresponds to the
-1
wind speed in units of m s .

Measurements on 2015-08-11
The test flight after installation of AirMAP was performed above the city of Berlin on 2015-08-11
(Tuesday) under cloud free conditions. The results of this flight are shown in Figure 6.56. The
retrieved NO2VCD in the western part of the flight pattern shows small NO2 VCDs around
background levels in the outskirts of Berlin. The values increase with closer distance to the city
center. A single plume is observed which is located around the A100 motorway. It is not clear,
whether the plume originates from the motorway or may have other sources. However, these
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measurements took place on a hot summer day during the holiday period, when the traffic density
on this road was high.

Figure 6.56: NO2 vertical column densities above Berlin measured by AirMAP on 2015-08-11 (Tuesday) in the
time interval 13:24 - 15:00 UTC. The flight patterncovers an area of 38 km x 20 km. Measurements with an RMS
larger than 0.02 were excluded. Slightly negative values occur due to instrumental noise and VCD close to the
detetection limit.Major roads are overlaid for orientation. The pink outline shows the administrative boundary
of Berlin.
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Measurements on 2015-09-28

The NO2 VCD of the measurements on 2015-09-28 (Monday) are shown in Figure 6.57. A large plume
of NO2 spreads across the central part of the city, having its main source in the North. Besides the
large plume several hot spots of NO2are observed from which small plumes propagate southwards.
These small plumes later contribute to the major plume. The measurements in the Eastern flight
lines are affected by cumulus clouds, which evolved during the flight. This cloudy region has the
lowest NO2 levels of the covered area but could not be used to acquire the background spectrum,
because of cloud contamination. This results in negative values for large parts of the last 4 flight legs
in the East.

Figure 7.57: NO2 vertical column densities above Berlin measured by AirMAP on 2015-09-28 (Monday) in the
time interval 09:03 - 11:16 UTC. The flight patterncovers an area of 30 km x 32 km. Measurements with an RMS
larger than 0.02 were excluded. Slightly negative values occur due to instrumental noise and VCD close to the
detetection limit.Major roads are overlaid for orientation. The pink outline shows the administrative boundary
of Berlin. The eastern part of the flight pattern is affected by cloud contamination and thus shows negative
values.
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7. AROMAPEX
7.1 Overview
Table 7.1 below provides an overview of the data availability of all measurements performed during
the golden day (21 of April 2016) during the AROMAPEX campaign. Tables were generated on a daily
basis, thus facilitating to check for coincident, high quality data sets.
Table 7.1: overview of the data availability of all measurements performed during the golden day (21 of April
2016) during the AROMAPEX campaign

7.2 NO2 field as seen by various instruments
7.2.1 Mobile DOAS (UV and VIS systems) -BIRA
This sectionpresents the BIRA Mobile DOAS measurements of the NO2 VCDs performed in Berlin on
21 April 2016, the golden day of the AROMAPEX campaign. As described in Sect 3.1.4.a, the two BIRA
Mobile-DOAS systemwere installed on the same car and we only show the results of the double
channel spectrometer. Note that the zenith DSCDs of the two spectrometers have been compared
(see Fig. 7.1) and show a good agreement.
Figure 7.2 presents the time series of the two DSCDs (upper panel) and retrieved VCDs (lower panel)
of the morning measurements. The observed NO2 VCDs are between 2e15 and 3e16molec.cm-2.
Figure 7.2 presents the time series of the NO2 VCDs of the afternoon measurements, together with
the O4 DSCD time series. The observed range of NO2 VCDs is pretty similar to the morning drives.
Finally, the two maps of Fig. 7.3 and Fig. 7.4 show the spatial distribution of the measured NO2. On
both drives, the maximum is clearly located downwind of the Reuter West power plant, the main
NO2 source of the city according to the simultaneous airborne measurements. Note that the NorthSouth drive performed both during morning and afternoon crosses the plume close to its source,
these measurements could be particularly interesting to investigate the quality of the airborne data
in medium and low NO2 conditions.
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Figure 7.1: BIRA Mobile DOAS measurements with the visible instrument during AROMAPEX (21 April 2016).
The upper pannel shows the Differential Slant Column Densities (DSCDs) in the two directions while the lower
panel shows the corresponding retrieved Vertical Column Densities (VCDs).

Figure 7.2: Time series of the Vertical Column Densities derived from the BIRA visible MobileDOAS instruments
during AROMAPEX golden day (afternoon)
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Figure 7.3: BIRA Mobile-DOAS measurements on AROMAPEX golden day (April 21; 2016, AM)

Figure 7.4: BIRA Mobile-DOAS measurements on AROMAPEX golden day (April 21; 2016, PM)
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7.2.2 Mobile DOAS (MPIC)
Figures 7.5 present the tropospheric NO2 VCDs measured by the MPIC car-MAX-DOAS on the
‘Golden day’ (21 April) for different periods:
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Figures 7.5: NO2 VCDs measured by the MPIC car-MAX-DOAS on the ‘Golden day’ (21 April) for different
periods.

7.2.3 Mobile DOAS (UGAL)
In Figure 7.6. is represented a SCD NO2 map of superimposed zenith-sky Mobile DOAS observations
performed by UGAL and Airmap by University of Bremen, on April 21(AM), 2016, during AROMAPEX.

Figure 7.6: Map of superimposed zenith-sky Mobile DOAS observations performed by UGAL and Airmap by
University of Bremen, on April 21(AM), 2016, during AROMAPEX.
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7.2.4 ISA MAX-DOAS
In Figure 7.7 an example of modelled and measured NO2 dSCDs and resulting ground-level NO2
mixing ratios is given.

Figure 7.7: Measured and modelled NO2 dSCDs and resulting ground-level NO2 volume mixing ratios.

7.2.5 AIRMAP
Measurements on 2016-04-21
The following measurements were performed in the context of the dedicated AROMAPEX campaign.
These measurements aimed at the comparison of the two airborne imaging DOAS instruments
AirMAP and APEX. During the scheduled period of the campaign of two weeks, only the day 2016-0421 allowed measurements under clear sky conditions. Thus two flights were performed on the same
day. The results of these flights are shown in Figure 7.8 and Figure 7.9. Both of these flights started
the pattern in the West and mapped the NO2 field above Berlin in an area of approximately
30x34 km2. From the previous measurements, as well as from emission inventory data it is known,
that a large source of NOx emissions in Berlin is located in the North-Western part of the city.
Potential strong NOx emitters are the power plant “Kraftwerk Reuter-West”, the congress center
“Messe Berlin” and the airport “Berlin-Tegel”. Thus, it was planned to include these locations in the
area covered by the research flights. The wind was blowing from westerly directions and the flights
aimed at following the propagation of the plume. The NO2 VCD results of the two flights show a very
similar spatial pattern.
A large plume starts at the Western part of the city, having its main origin at the power plant
“Kraftwerk Reuter-West”, which is observed during both flights.
During the morning flight, a second smaller plume propagates parallel to the large plume, which is
not observed in the afternoon flight. The origin of this plume may be attributed to the congress
center ”Messe Berlin”.
A third smaller plume is observed further East and South around the transition of the motorways
A100 and A113. Besides emissions from traffic, also smaller industrial facilities probably contribute
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to this plume. This plume is observed in both flights but is more pronounced during the afternoon
overpasses.
Although the general NO2 distribution pattern is similar for both flights, higher NO2 VCDs are
observed in the afternoon. While the highest values during the morning flight are around
2.2x1016molec cm-2, the NO2 VCD reaches values of up to around 2.5x1016molec cm-2 during the
afternoon.

Morning

Figure 8.8: NO2 vertical column densities above Berlin measured by AirMAP on 2016-04-21 (Thursday) in the
time interval 07:24 - 09:34 UTC. The flight patterncovers an area of 30 km x 32 km. Measurements with an RMS
larger than 0.02 were excluded. Slightly negative values occur due to instrumental noise and VCD close to the
detetection limit.Major roads are overlaid for orientation. The pink outline shows the administrative boundary
of Berlin.
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Afternoon

Figure 7.9: NO2 vertical column densities above Berlin measured by AirMAP on 2016-04-21 (Thursday) in the
time interval 12:16 - 14:34 UTC. The flight patterncovers an area of 30 km x 36 km. Measurements with an RMS
larger than 0.02 were excluded. Slightly negative values occur due to instrumental noise and VCD close to the
detetection limit.Major roads are overlaid for orientation. The pink outline shows the administrative boundary
of Berlin.

7.2.6 APEX
The NO2 VCD distribution maps generated from APEX spectraare shown in Fig. 7.10 and 7.11 for
respectively the morning (21 April 2016, 09:34 – 12:01 LT)and afternoon (21 April 2016, 14:24 16:39) data set. Approximately 160.000 and 143000 VCDs are retrieved for the morning and
afternoon flight respectively. The NO2 levels range between 1 and 25 x 1015molec cm-2, with a mean
of 6.9 ± 2.4 x 1015molec cm-2for the morning flight and between 1 and 35 x 1015molec cm-2 with a
mean of 7.2 ± 2.4 x 1015molec cm-2for the afternoon flight. The mean VCDs are relatively low as quite
a large background area is covered during the acquisition.
In general, the obtained spectral and spatial resolutionallows to map the fine scale NO2 horizontal
variability and strong spatial gradients, and to resolve individual emission sources. Patterns of
enhanced NO2 can be observed, largely consistent with and transported downwind from the
emission sources. Structures are evidently exposed within the detected plumes. The distribution
maps show that the NO2concentrations can be highly variable in urban areas and can exhibit strong
gradients.The maps are built from several adjacent flightlines with an approximated acquisition time
of 8 to 15 min per flightline. As a dynamic NO2 field is measured, minor biases can occur between
adjacent flightlines related to transport.
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The morning flight shows a clear plume crossing the city from west to east. This plume can be
related to the Reuter West CHP powerplant. Traffic related emissions are contributing to the plume
when crossing the city center,ringroad and main highways. The origin of a smaller plume south of it
is currently unknown. The south part of the data set contains mainly background values.For the
afternoon flight, the main plume related to the Reuter West CHP powerplant can be clearly seen
again. Apparent interruptions in the emissions and fluctuations in the plume structure can be
observed.

Figure 7.10: Retrieved NO2 VCD field over Berlin (21 April 2016, morning flight).

Figure 7.11: Retrieved NO2 VCD field over Berlin (21 April 2016, afternoon flight).
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7.2.7 SWING
SWING was installed in the FUB Cessna during AROMAPEX and measured the NO2 spatial distribution
over Berlin during the two flights of the golden day (21 April 2016).
The SWING data analysis scheme for the AROMAPEX data is similar to the one presented for
AROMAT-2, but we made use of the APEX albedo product , shown in Fig. 7.12. Note that the
afternoon APEX albedos measurements were used for both flights due to a missing flight line in the
morning APEX flight. Considering that the ground albedo is amongst the main source of uncertainty
in nadir airbrorne data, the SWING VCDs retrieved from the AROMAPEX data should be more
realistic than the ones retrieved from AROMAT-2.
Figure 7.12 presents the NO2 VCD distribution measured with SWING during the morning flight of the
AROMAPEX campaign. The NO2 spatial distribution is clearly dominated by the exhaust plume of a
power plant located in the North West of the city(Reuter West CHP, 52.54°N, 13.24°N). Maximum
NO2 VCDs are around 2.6 molec.cm-2 close the power plant. Note that as observed during AROMAT2,this maximum is not located above the plant but somewhat downwind, 1.5 km in this case. The
exhaust plume of the power plant is blown towards the east above the northern part of the city. A
second plume is visible to the south of the large one, which seems to originate from a location close
to the Olympic Stadium (52.51°N,13.24°E), we have not identified this source.

Figure 7.11: Albedo measured by APEX during the afternoon flight of 21 April 2016
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Figure 7.12: SWING measurements of NO2 above Berlin (21 April 2016, AM flight)

Figure 7.13: SWING measurements of NO2 above Berlin (21 April 2016, PM flight)

Figure 7.13 presents the SWING NO2 measurements performed on the afternoon flight of 21 April
2016. The main plume still originates from the Reuter West power plant, but the plume appears
broken, which may originate from pauses in the emissions or from atmospheric turbulences. The
maxima are a bit lower (2e16 molec./cm-2) observed further away (20 km) from the plant. The second
plume is not visible in the afternoon data, but another area with elevated NO2 columns is visible
around 52.44°N, 13.56°E, West of the Müggelseelake.

7.2.8 SPECTROLITE (TNO)
During the AROMAPEX campaign, Spectrolite was deployed for the first time to retrieve NO2 column
densities. An algorithm was then developed based on heritage from satellite but with a few crucial
adaptation for airborne observations. Firstly, difference of NO2 slant column density is retrieved
with respect to reference spectrum using DOAS fitting, thus background NO2 vertical column density
over the reference region needs to be taken into consideration. Secondly, surface reflectance is
retrieved after vicarious calibration using Landsat Band 1 surface reflectance product. In addition,
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tropospheric air mass factor for the airborne sensor is obtained by box air mass factor simulated by
radiative transfer model DAK. Last but not least, OMI data is used for correction of tropospheric
offset and stratospheric effect. Even though the dSCD does not represent the absolute amount of
NO2 in the troposphere because it might be influenced by surface effects and other factors, it still
offers some information about the emission sources and the transport of the trace gas. The most
outstanding features of the map can be already observed, which is the pollution plume over the city
center, stretching from the West to the East. The DOAS analysis revealed a median dSCD of 6.588 ·
1015molec/cm2 and 5.311 · 1015molec/cm2 for the morning and afternoon overflights. NO2 dSCD
obtained from Spectrolite measurements show a reasonable correspondence with those retrieved
from AirMap and SWING measurements. The standard deviation of dSCD difference between
Spectrolite and SWING is 3.77 · 1015molec/cm2 in the morning and 3.89 · 1015molec/cm2 in the
afternoon. However, the The standard deviation of dSCD difference between two adjacent columns
in Spectrolite measurements is 3.81·1015molec/cm2 and 3.86·1015molec/cm2 in the morning and
afternoon, which acquire almost the same magnitude. This could be caused by different pixel sizes of
the two measurements. Using different programs and reference regions for DOAS fitting can also
contribute to this large difference in dSCD. The results of NO2 vertical column density retrieval
demonstrate very convincing spatial distribution of NO2 VCD over the city of Berlin. By projecting
the data onto satellite imagery, we can identify the pollution hot spots, the peak value of which can
be around 2.31·1016molec/cm2 while the median value is only 6.12·1015molec/cm2 when aerosol
optical thickness is 0.1 and NO2 profile height is 0.4km. The most significant finding is that the
largest hot spot (52.53N, 13.24E) is exactly the location of the power plant Kraftwerk Reuter West
which is the largest power plant owned by Vattenfall AB in Berlin and acquire approximate 5 times
higher concentration than the those over the urban area of Berlin. The emission from the city mainly
originates from industrial facilities such as recycling center, car components malls, transit center and
energy sector around (52.52N, 13.31E) as well as commercial centers where shopping streets
(52.52N, 13.45E) and arenas (52.51N, 13.45E) are located. In addition, lowest NO2 VCD is found in
remote region from the city center, for example forest and farmland in the greater Berlin area.
Therefore, we can come to a conclusion that Spectrolite is clearly sufficient to detect and quantify
major NO2 pollution sources. However, the detected pollution sources sometimes can be changed in
different scenarios of aerosol and NO2 profile. [Xinrui GE, MSc thesis, 2016].
Some results derived from Spectrolite are presented in Figures 7.14 and 7.15.
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Figure 7.14: Tropospheric NO2 vertical column density under scenario with 0.15 aerosol optical thickness and
0.4 km NO2 profile height over Berlin in themorning on 21 April, 2016, [Xinrui GE, MSc thesis, 2016].

Figure 7.15: Tropospheric NO2 vertical column density under scenario with 0.15 aerosol optical thickness and
0.8 km NO2 profile height over Berlin in the afternoon on 21 April, 2016, [Xinrui GE, MSc thesis, 2016].
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7.3 Aerosols and HCHO as seen by various instruments
7.3.1 ISA MAX-DOAS
O4 Inversion: In Fig. 7.16 measured and modeled O4 dSCDs are shown for one example day.

Figure 7.16: Measured and modelled O4 dSCDs for April 18th, 2016 and resulting AOD.

In Figure 7.17 an example of modelled and measured NO2 dSCDs and resulting ground-level NO2
mixing ratios is given.

Figure 7.17: Measured and modelled NO2 dSCDs and resulting ground-level NO2 volume mixing ratios.

Even though the HCHO data was not inverted to obtain profile information, the time period for
which MAX-DOAS measurement data is available shows also large variations of HCHO dSCDs, which
could be linked also to biogenic emissions increasing during springtime, Figure 7.18.

Page167 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Figure 7.18: The HCHO dSCD show large variability over the measurement period. The colour code shows the
elevation angle of the respective measurement.

7.3.2 FUBISS-ASA2
The flights of the AOD profile could only be performed outside of the city due to flight restrictions.
On the first flight the assent was south of Berlin and the descent east of Berlin. This descent has a
much higher AOD value than the flights south of Berlin. This indicates that higher values can be
assumed within the City which should be similar to the flight east within the city plume and wind
direction. (Figures 7.19)
Flight pattern 20160421a:
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Flight pattern 20160421a :

Figure 7.19: Flight patterns on 21 of April 2016 for FUBISS-ASA2
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AROMAPEX FUBISS-ASA2 data quicklooks:

Figure 7.20: AOD for flight pattern 20160421a (with filter flags set):
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Figure 7.21: AOD for flight pattern 20160421b (with filter flags set)
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7.3.3 Ceilometer CHM15k

Figures 7.22: Results from the Ceilometer CHM15k (FUB)
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7.3.4 Aeronet-station

Figures 7.23: Data display controls of the Aeronet-station (FUB)

7.3.5 Microtops
The data of the microtops are higher then that of the Aeronet station. Two reasons are possible and
are under investigation. First the Aeronet station has a higher and less polluted position. This can be
seen with the lower values of the AOD in the south of Berlin (red circle and first and last
measurement points). A second reason might be a calibration issue of the Microtops, despite the
fact that it was calibrated 2015. We assume that both reasons are valid and require further
investigation.
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7.3.6 FUB ADSB-station

Figures 7.24: Results from the FUB ADSB-station

7.4 Intercomparison of airborne instruments
Four airborne imagers were operated during AROMAPEX, from two different aircraft. Three
instruments (AirMAP, SWING, and SpectroLITE) were installed in the FUB Cessna flying at 3 km
altitude, while the APEX instrument was operating from the DLR Do-228 and flying at 6 km altitude.
The time of the flights were synchronized, which offer a unique opportunity to intercompare the
instruments.

7.4.1 Intercomparison of the instruments onboard the FUB Cessna
Figure 7.25, 7.26 and 7.27 presents the NO2 DSCD measurements and corresponding correlation
plots of the three instruments which were in the FUB Cessna, respectively for the morning and
afternoon flight of AROMAPEX (21 April 2016). Similarly to the Intercomparison between SWING
and AirMAP during AROMAT-2 presented in Sect. 6.4, only the DSCDs corresponding to nadir are
presented, and the three instruments are interpolated on SWING time axis. The agreement is
somewhat lower in the morning than the one in the afternoon, that may be partly due to the smaller
dynamic range of the observed DSCDs in the morning. In the morning flight, SWING DSCDs appear
10% larger thanAirMap and SpectroLite, while in the second flight, SWING is between SpectroLite
and AirMAP.Note that in both flights, AirMap DSCDs appear larger than SpectroLite DSCDs.
Correlation coefficient range between 0.8 and 0.9, which is below the correlation values for the
AROMAT-2 SWING-AirMAP Intercomparison. The discrepancy might be parltly explained by the
lower overall S/N of the measurements in Berlin, due to lower NO2 columns.
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Figure 7.25: Intercomparison of NO2 nadir DSCDs above Berlin from AirMap, Swing, and SpectroLite, 21 April
2016 (AM flight)

Figure 7.26: Zoom on SWING and AirMap DSCDs times series during the afternoon AROMAPEX flight
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Figure 7.27: Intercomparison of NO2 nadir DSCDs above Berlin from AirMap, Swing, and SpectroLite, 21 April
2016 (PM flight)

7.4.2 Intercomparison of SWING and APEX
It does not make sense to compare DSCDs for instruments on the two different aircraft,since the
optical paths and thus the air mass factor is different for two different altitudes. We thus had to
convert the DSCDs from different instruments to vertical columns to perform a meaningful
comparison.
At the time of writing this report, the intercomparison exercise was started for SWING and APEX and
we show preliminary results hereafter. As for SWING, a look-up table of AMFs with 4 dimensions
(albedo, solar zenith angle, viewing zenith angle, relative azimuth) was calculated for APEX. APEX
VCDs were calculated interpolating in this look-up table.
Note an interesting feature that was found when doing these radiative transfer simulations: the
albedo effect is larger on the AMFs simulated at 6 km altitude than it is on the AMFs simulated at 3
km altitude. Between 0.01 and 0.37, the AMF at 6 km increases up to 69% whereas the AMF at 3 km
increases only up to 43%. In practice, that leads to more pronounced albedo patterns when plotting
DSCD maps from APEX than from SWING or AirMAP.
Figure 7.29 and 7.30 presents the intercomparison of SWING and APEX NO2 VCDs for the two flights
of the AROMAPEX golden day (21 April 2016). Note that contrary to the DSCDs intercomparison
presented above, all the measurements are considered (not only nadir). APEX measurements were
downsampled at the grid size of SWING, ie 0.0045°. All the important patterns of the NO2 time
series, corresponding to the planes crossing the NO2 plume, are visible in both datasets. The
correlation is better (0.82 vs 0.74) in the morning but the slope is closer to unity (0.77 vs 0.7) in the
afternoon. Note that these intercomparison results are preliminary.
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Fig 7.28: Nadir air mass factors for the two different altitudes of the aircraft (Cessna at 3km and Do-228 at
6km).

Figure 7.29: Intercomparison of SWING and APEX NO2 VCD during AROMAPEX AM flight (21 April 2016)
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Figure 7.30: Intercomparison of SWING and APEX NO2 VCD during AROMAPEX PM flight (21 April 2016)
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8. AROMAT-2016
8.1 Overview
Table 8.1 below provides an overview of the data availability of all measurements performed during
the AROMAT-2016 campaign. Tables were generated on a daily basis, thus facilitating to check for
coincident, high quality data sets.
Table 8.1: overview of the data availability of all measurements performed during the AROMAT-2016
campaign.

Date

Magurele, Ilfov
Time slot

Aerosol
lidar

Sun
photometer

Pandora
2S

30/05/2016

Gas
analysers

ACSM

Aethalometer

03:00 – 04:00









04:00 – 05:00









05:00 – 06:00

















06:00 – 07:00
07:00 – 08:00













08:00 – 09:00













09:00 – 10:00











10:00 – 11:00













11:00 – 12:00













12:00 – 13:00











13:00 – 14:00











06:00 – 07:00

31/05/2016

Mobile
DOAS











07:00 – 08:00















08:00 – 09:00















09:00 – 10:00















10:00 – 11:00











11:00 – 12:00
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13:00 – 14:00











14:00 – 15:00











06:00 – 07:00

01/06/2016
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07:00 – 08:00















08:00 – 09:00















09:00 – 10:00













10:00 – 11:00













11:00 – 12:00











12:00 – 13:00













13:00 – 14:00













14:00 – 15:00













15:00 – 16:00









16:00 – 17:00









17:00 – 18:00









Tables 8.2: overview of the data availability of the measurements performed during the AROMAT-2016
onboard BN-2 aircraft

During the measurement campaign, the scientific payload of BN2 airborne platform included the
aerodymanic particle sizer, the Picarro gas analyser and the NO2 CAPS analyzer. The operability of
these instruments is presented in the below table.
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Table 8.3: Operability of in situ instrumentation mounted on BN2 airborne platform
Day
30.05.2015
31.05.2015
01.06.2016

GPS
√
√
√
√

APS
√
√
√
√

NO2 CAPS
√
√
√
√

Gas analyser
√
√
√
√

Flight strategy
Strategy I
Strategy I
Strategy II
Strategy I

Bucharest – BN2 flight strategy
Strategy I
After take-off from Strejnicu aerodrome (Prahova county), the BN2 aircraft had a North-West-South
course around Bucharest Metropolitan Area (line 1 of Fig. xxx -left), directing to the South-Western
Bucharest, were the observation area - see border points P1, P2, P3, P4 (Table 1): BragadiruMăgurele. After performing the sounding (at three different altitude levels: 300, 500 and 1000m),
the aircraft returned to Strejnicu aerodrome (line 2 of Fig. 2 -left). Taking into consideration the
meteorological conditions of the research area, 10 flight legs is performed in the direction of the first
observation cone (a) formed by PANDORA in order to avoid any obstructions due to topography.
Strategy II
The second flight strategy of the campaign consisted in a vertical sounding performed around the
ground based Pandora instrument, in the center of the observation area. After take-off from
Strejnicu aerodrome (Prahova county), the BN2 aircraft had similar flight pattern as the one
described in Strategy I (Fig. 8.1-right). Considering the meteorological conditions, a spiral shape
vertical sounding (ascending from 300 up to 2500 m and descending from 2500 m up to 300m) was
performed in the direction of the observation cones (a, b, c) formed by PANDORA in order to avoid
any obstructions due to topography.

Fig. 8.1: Proposed flight path corresponding to flight strategy I (left) and flight strategy II (right)
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Fig. 8.3: Flight path followed during AROMAT-2016 campaign

8.2 NO2 and trace gases field as seen by various instruments AROMAT-2016 BUCURESTI
Meteorological context

Fig. 8.4: Averaged meteorological fields during 30.-5-01.06.2016 (left) and on the 30 .05.2016 (right); 500
hPa geopotential height (colour) and MSLP (white lines)

Fig. 8.5: Meteorological data measured in Magurele- time series: temperature and relative humidity (left panel)
in red/green respectively , compass wind for 30 August 2016 (right panel)
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During 30.05 and 01.06.2016 south-eastern Europe was influenced by a cyclonic regime within the
lowest part of the atmosphere, while in the upper troposphere two cyclonic areas were active both
sides of Romania (west and east). The western cyclonic nucleus with its south-western circulation,
has generated the advection of warm and humid air from Mediterranean Sea, while the diurnal
heating adds its energy to generate the afternoon instability.
8.2.1 TRACE GASES
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Fig. 8.6: Time series SO2 , O3 , NO, NO2 , CO, volatile compunds concentration at ground level, Magurele 30.0503.06.2016

The ground based measurements indicate the influence of local pollutionsource. The wind direction
data at ground level shows SW influence so the rural and local predominance.
Similar behavior can be seen for NO and NO2 with peak values at about 20ppb at the same time of
the day highlighting traffic influence.
The O3 and SO2 concentrations patterns show a diurnal cycle and maximum values during the day
reaching about 90 ppb and 3 ppb respectively.
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CH4 and THC concentrations at ground level almost constant at about 2.5 ppm with some peaks
close to mid-night of about 4ppm.
8.2.2 Pandora 2S

Fig. 8.7: Pandora 2S, NO2 total column measurements 30.05-01.06 2016; green rectangle- golden day
measurements

On the first day of measurements (30.05.2016) NO2 total column concentration has an increase from
a 0.2 to 0.4 DU, while for the next days, it was recorded a relatively higher mean value and a
variability within 0.1-0.5.
Considering other measurements of the NO2 total column using PANDORA systems(e.g.Innsbruck,
Austria) where the values varied between 0.4-0.9 DU during the same time of the year, we can
consider that our site is relatively clean related cu NO2 pollution. This is in accordance with the
measurements at ground level (Figure 8.7)
Data are not cloud screened.
8.2.3 Mobile DOAS (UGAL)

Fig. 8.8: Mobile DOAS NO2 measurements close to Magurele (Green circle); the NO2 loadings are represented in
color gradient
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PICARRO GAS ANALYSER
UTC time: 07:22:12 – 08:48:40 AM
Flight details: 3 levels of altitude -341, 533 and 944 m, covering an area of 7x14;
Comments:
After applying the Spline Interpolation method, the following gas analyser maps were
obtained.
Looking at the different gases it can be observed that for all at the altitude above 900 m nearly no
significant potential sources no anymore visible: Fig. 8.9 c), Fig. 8.10 c), and Fig. 8.12 c).
The Carbon Monoxide variation along the interest area for 300m (Fig. 9 a) indicates clearly
the local traffic sources along the main roads that connect Măgurele with Bucharest and the city
ring. Several smaller sources are visible also, but these locations are more associated with industrial
activities, and also this points are detected at higher altitudes (500 m, Fig. 8.9 b). At 500 m the traffic
sources are not anymore so extended, but remain strong visible.
At the highest scan altitude, the CO values show only some high value location, this can be related to
some local sources but artefact from the interpolation method cannot be excluded.

 CO

a)
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b)

c)
Fig. 8.9: Intra-pixel variability of recorded CO concentration for: a) 351m, b) 533m and c) 994m
altitude level
 CO2

a)
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b)

c)
Fig. 8.10: Intra-pixel variability of recorded CO2 concentration for: a) 351m, b) 533m and c) 994m
altitude level
 Water vapours

a)
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b)

c)
Fig. 8.11: Intra-pixel variability of recorded CO2 concentration for: a) 351m, b) 533m and c) 994m
altitude level
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 CH4

a)

b)

c)
Fig. 8.12: Intra-pixel variability of recorded CO2 concentration for: a) 351m, b) 533m and c)
994m altitude level
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The Carbon Dioxide maps (Fig. 8.10, a - c) present a wither dispersion area around the traffic
sources identified in the CO data and around the industrial sites, the highest values are around
413.40 ppm. As expected, the values are decreasing with the altitude, at 500 m (Fig.8.10 b) the
sources are clearly visible and correspond to possible locations identified by the mobile DOAS
system.
In contrast with the dispersed data of CO2 and water vapour (Fig. 8.11, a - c), after the
interpolation the Methane values recorded by the BN- 2 aircraft (Fig.8.12, a - c) revealed large
sources in the right side of the studied area (Fig. 8.12, a). For higher altitudes, e.g., above 500m
(Fig.8.12, b), the sources are more clearly defined and in the vicinities of many traffic points and
around industrial sites.

8.3 Aerosol as seen by various instruments AROMAT-2016
BUCURESTI
8.3.1 Aerosol lidar- INOE
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Figures 8.13: Times series of: Range Corrected Signal of the aerosol lidar at 532 nm (left panels); aerosol PBL
height and top of the first layer (right panels), for 06:00-09:00 UTC(upper panels), 10:30-13:00 UTC(middle
panels), 17:30-20:00 UTC(lower panels)

Fig. 8.14: Extinction coefficient profiles at 532nm, one hour average

During the first day of the 2016 campaign multiple layers were observed above the PBL with a
predominance of non – spherical particles (high depolarization values-not shown). Cirrus clouds
were present for long periods. PBL below 1km before 11 am increasing to 2 km. Thin layers between
2 and 4 km have been detected.
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8.3.2 Sunphotometer - INOE

Fig. 8.15: Time series of the AOD column measurements of the Angstrom exponent

In the first day of the 2016 campaign a decrease of the Angstrom exponent can be observed,
highlighting an increase of the size particels in the upper layers above Magurele, most probably
dust(D. Nicolae et al,2013), with no significant variation of the AOD. AOD Daily average at 500nm is
0.204, while the Angstrom exponent has a daily average of 1.096 (Figure 8.15). The presence of
broken clouds during the day was observed by the lidar and this is also the reason for some missing
data of the sunphotomter and PANDORA.

8.3.3 Aerosol Multiwavelength lidar

Fig. 8.16:Time series of lidar-derived AOD(in blue), comparison with sun photometer AOD (VIS-in red); golden
day measurements are in the green rectangle
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Fig. 8.17: Time series of lidar-derived PBL height(blue) and top of the first aerosol layer(green), comparison with
ECMWF PBL height(red); golden day measurements are in the green rectangle

During 30.05-02.06 the aerosol load above Magurele was decreasing as it is shown by the lidar
measurements; the aerosol optical depth maximum reached in the first day was about 0.38 at
532nm while the minimum was 0.1 on the 1st of June, in good agreement with the ones derived from
sunphotometer measurements (Figure 8.15). Two outlines were recorded by lidar in the morning of
June 1 when cirrus clouds were present most of the day. The PBL height from lidar varied between
600m to about 2000m. A second layer is also visible in all days. The ECMWF prognosis is completely
missing the PBL height during the night(depicted as very close to zero-red in Figure 8.17) while
during the day is between the values of the first layer detected in the lidar data and PBL
height(Figure 8.17).

8.3.4 AETHALOMETER

Fig. 8.18: Time series of Black Carbon concentrations near the ground surface; golden day measurements are in
the green rectangle 30.05-03.06.2015
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High concentrations for entire period of measurements are evidenced for fossil fuel black carbon
(representing approx. 83% from total BC). Most probably source of fossil fuel BC is traffic. The
average concentrations for fossil fuel are 880ng/m3 since for biomass burning the average
concentration is of 176ng/m3, normal values for this time of the year.
Low values of BC biomass burning is characteristic for the entire day, no sources of wood burning
being pin pointed (Figure 8.18 green rectangular data sample ). Highest concentrations of BC fossil
fuel characterize the first part of the day, almost double than the values for evening period. The
aerosol chemical composition on 30 May has been influenced only by traffic sources.

8.3.5 ACSM

Fig. 8.19: Fine particle chemical composition near ground surface

Aerosol chemical composition of particle less than 1µm depicted 5 main species: Organics, Sulphate,
Nitrate, Ammonium and Chloride. Highest proportions are represented by Organics (~48%) and
Sulphate (~30%). Higher concentrations at the beginning of the campaign are pin pointed,
decreasing during the next days. The average concentrations are 8.11±3.48 µg/m3 on 30 May,
6.09±2.00 µg/m3 on 31st of May and 6.11±1.65 µg/m3 on 1st of June. Much lower concentration can
be observed between night of 30 May and morning of 31 May, characterized by hydrocarbon organic
aerosols, coming from fresh sources – local, traffic sources.

Highest concentrations of PM1 and Organic fraction have been observed during 30 May midnight to
evening, while the lowest concentrations correspond to the last hours of the day. Main chemical
components are: Organics (53 %), Sulphate (23%) and Ammonium (16%). The highest proportions of
aerosols have been fully processed, entirely oxidized(Figure 8.10, -green rectangular time frame)
AERODYNAMIC PARTICLE SIZER
UTC time: 07:22:14 – 08:48:42 AM
Flight details: 3 levels of altitude -341, 533 and 944 m, covering an area of 7x14 km2
The next plots show the aerodynamic Particle Sizer data for the altitude levels of 341m (Fig. 8.20),
533m (Fig 8.21) and 944 m (Fig 8.22). Because of the low number of data points (every minute one
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data point) the interpolation method used for representing the gas analyser data, Spline
Interpolation, could not be applied. So that the following plots contain on the flight trajectory
coloured points corresponding to every measured point of total aerosol concentration.

Fig. 8.20: Aerosol total concentration recorded during flight perfomed in 30.06.2016 at an altitude
level of 341 m

Fig. 8.21 Aerosol total concentration recorded during flight perfomed in 30.06.2016 at an altitude
level of 533 m
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Fig. 8.22 Aerosol total concentration recorded during flight perfomed in 30.06.2016 at an altitude
level of 944 m
Comments: As expected, in the case of first level of altitude, 341 m (Fig. 8.19), the aerosol total
concentrations are reaching the highest values (45.698-89.249 #/cm3). With the increase of the
altitude, the total concentrations of aerosol particle drop until reach 11.629 #/cm3 (Fig. 8.21).
The position of orange and red dots for all altitude levels correspond to identified source locations
(traffic or industrial sources). It is interesting to observe that in all three altitude levels in the upper
left side and in the right side of the scanned area the presence of a strong source is identified.

8.3.6 DREAM MODEL
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Fig. 8.11: Dust forecast from DREAM(The Dust REgional Atmospheric Model) between 00:00 to 18:00 UTC: dust
concentration profiles at Bucharest-Magurele location(upper panels), dust load and cloud cover (lower panels)

8.3.7 HYSPLIT MODEL

Fig. 8.12: Backward trajectories ending on 30 May 2016 above Bucharest-Magurele station at 2000,3000 and
4000m showing the origin of air masses

The forecast dust model shows both the altitude and the amount of dust particle reaching
Bucharest-Magurele area (Figure 8.11). Hysplit back trajectories show the air masses arriving at 4 km
above the measurement site is coming from North Sahara after a 48 hours travel across
Mediterranian Sea and South East Europe (Figure 8.12).
We can conclude that the long range transported mineral dust particles were present at 3-4km
altitude above Bucharest-Magurele on May 30,2016.
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9. Findings of the AROMAT activity related to satellite validation in
Romania or Berlin
9.1 NO2
9.1.1 Variation of the stratospheric NO2 signal
The background spectra in the analysis ofthe airborne measurements from AirMAP and APEX are
taken from a scene ofthe respective research flight. In the DOAS analysis,changes in the NO2 column
are retrieved with respect to that background spectrum, yielding differential slant column densities
(dSCDs). These variations in the NO2 column are mainly caused by the NO2 field below the aircraft.
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However, changes in the stratospheric NO2 amounts with respect to the background spectrum will
also show up in the dSCDs. In order to discriminate the stratospheric contribution to the overall
measured dSCD the IUP-Bremen has developed an algorithm to correct for changes in the
stratospheric NO2 signal (Meier et al. 2016; Hilboll et al. 2013). This correction algorithm is based on
the stratospheric chemical transport model B3dCTM.
The diurnal variation of the stratospheric NO2 column density is shown in Figure 9.1. The
stratospheric NO2 amounts show a diurnal cycle which is caused by photochemical reactions and is
characterized by an almost linear increase of the NO2 VCD during the course of the day in the sunlit
atmosphere. The largest NO2 amounts are found during the night, when no photolysis reactions
occur. The dSCDs of the airborne sensors are affected by the changes of the stratospheric SCD. The
red line shows the SCD variation of NO2 using the modeled VCD and a geometrically approximated
AMF (1/cos(SZA)) for SZA <= 70°.
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Figure 9.1: Diurnal variation in the stratospheric NO2 column density at the location of Bucharest (44.4°N,
26.1°W) on 2015-08-31. Vertical column density data was obtained from the B3dCTM model and scaled to
match GOME-2 measurements over the Pacific. The slant column density was computed using the geometric
approximation 1/cos(SZA) for SZA <=70°. Times are provided in UTC.

Figure 9.9 shows a zoom in on the variation of the stratospheric SCD during the times of the research
flight. The grey shaded areas correspond to the two flights performed on that day, when the Cessna
𝑠𝑡𝑟𝑎𝑡
had reached the measurement altitude (> 3200 m). During the morning flight the 𝑆𝐶𝐷𝑁𝑂
decreases
2
𝑠𝑡𝑟𝑎𝑡
by -6.6 x1014 molec / cm-2 (-16 %). During the afternoon flight, the 𝑆𝐶𝐷𝑁𝑂
shows a larger change
2

and increases by 1.9 x1015 molec / cm-2 (+47 %). These values describe the upper limit on the effect
𝑠𝑡𝑟𝑎𝑡
on the measured dSCDs because the changes in the 𝑆𝐶𝐷𝑁𝑂
are registered with respect to the
2
background spectrum. So if the background spectrum was taken during the middle of the flight, then
the effect of the stratospheric SCD on the measured dSCD is reduced by a factor of approximately
two.
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Figure 9.9: Zoom in on the SCD variation of the stratospheric NO2 column at the measurement times. Grey
shaded areas indicate the times when the aircraft reached the measurement altitude (> 3200 m). Times are
provided in UTC.

9.1.2 Coincidences with available satellite products
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Figure 9.3: OMI measurements above 4 European Sites (Uccle, De Bilt, Mainz, and Bucharest) in August and
September 2015

Figures 9.3, 9.4, and 9.5 present OMI measurements of tropospheric NO2in August and September
2015 retrieved from the overpasses database on the TEMIS website1. We excluded cloudy pixels, as
well as those affected by the raw anomaly.
Figure 9.3 compares Uccle, De Bilt, Mainz and Bucharest. As was already seen in a similar exercise
last year, the NO2 column is the smallest above Bucharest. However the OMI signal is in general well
above the detection limit (especially in September), and a major advantage of Bucharest with
respect to the other sites is the higher number of clear sky days, which is particularly relevant for a
campaign.
Figure 9.4 and 9.5 presents the same filtered OMI data but for the period of the campaign, for
Bucharest and Turceni, respectively. It appears that for Turceni, the best days to compare with OMI
are August 24, 25, and 27th. Unfortunately, the Cessna flights was performed on August 28th. For
Bucharest, the good days with respect to OMI are 24, 25, 26, 27, and 31, which was the second
golden day for the imagers on board the Cessna.

1

http://www.temis.nl/airpollution/no2col/data/omi/overpass/
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Figure 9.4: OMI measurements above Bucharest during AROMAT-2

Figure 9.5: OMI measurements above Turceni during AROMAT-2

We have compared our ground-based Mobile DOAS measurements with OMI for the Jiu Valley, as
can be seen in Fig. 9.6,9.7,9.8, and 9.9.Mobile DOAS measurements were averaged inside the OMI
pixel extents, and we kept only the pixels which contained more than 100 Mobile DOAS
measurements. This led to keep 4 pixels on August 25 and 4 pixels on August 27. As could be
expected from the NO2 field, the quantitative comparison is not straightforward because of the
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dilution effect in the OMI pixels. This points out the difficulty of the validation of the NO2 field using
only ground-based measurements in this area, where the exhaust plumes are localized and the
horizontal gradients of NO2and SO2are steep. In a future validation exercise, several mobile DOAS
should be deployed in a coordinated way to cover a larger area during the satellite overpass.

Figure 9.6: OMI and Mobile DOAS measurements on August 25, 2015

Figure 9.7: OMI with averaged Mobile DOAS measurements for August 25, 2015 in the Jiu Valley
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Figure 9.8: OMI and Mobile DOAS measurements on August 27, 2015

Figure 9.9: OMI with averaged Mobile DOAS measurements for August 27, 2015 in the Jiu Valley

Figure 9.10 and 9.11 present the morning and afternoon SWING measurements during the golden
day in Bucharest (31 August 2015) together with the OMI overpasses. The NO2 spatial patterns seen
from OMI and SWING appear consistent. For instance, the SWING data indicates that the wind blows
the NO2 plume toward the North East in the afternoon, which is where OMI also sees the largest NO2

Page205 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

column. However, and similarly as in the Jiu Valley, the dilution effect prevents us from doing a
straightforward quantitative analysis.

Figure 9.10: OMI and SWING measurements 31 of August 2015
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Figure 9.11: OMI and SWING measurements 31 of August 2015(AM)

Figure 9.12 and Figure 9.13 presents the APEX data with the coincident OMI measurements above
Berlin during the golden day of AROMAPEX (21 April 2016). The situation appears better than in
Bucharest with smaller OMI pixel extent. A more significant ratio of the pixel area was thus covered
by the airborne measurements. This leads to a relatively good agreement between the two datasets,
as can be seen in Table 9.1.
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Figure 9.12: APEX and OMI measurements on 21 April 2016 (AM flight)

Figure 9.13: OMI and APEX above Berlin (PM flight), 21 April 2016
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APEX
NO2VCDtropo(x 1015 # APEX pixels
molec cm-2)

1

8.1

4.2

1788

2

6.0

5.3

35738

3

6.4

6.5

40856

4

4.8

5.1

4115

Table 9.1: Coincidences between APEX and OMI during the AROMAPEX morning flight (21 April 2016)

9.1.3 Simulations for S5P validation

2

Figure 9.14: TROPOMI pixel (3.5 x 7 km ) simulated over the Turceni plume

Figure 9.14 shows the extent (3.5*7 km2) of a TROPOMI pixel in the plume of the Turceni power
plant. The daily measurement validation appears more challenging than for Bucharest but still
doable if the pixel is reasonably well localized, i.e. at least in the case where the full plume crosses it,
as on Fig. 9.14. In this situation and based on AirMAP and mobile DOAS data, the observed NO2
tropospheric VCD could be around 1e16 molec./cm2, well above the detection limit of 0.7e15.
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Regarding SO2, considering an uncertainty of 1e16 molec./cm2 on a 3.5 *7 km2 pixel and on the
measurements performed during the campaign, it appears that the plume could also be visible from
space, as an average pixel value, be the later well localized, could be up to 5e16 molec./cm2.
It should be noted however that for both species, the possibility of detecting the plume with
TROPOMI will depend on the pixel extent and thus on the position of a pixel in the space-borne
instrument swath. This should be taken into account when planning the campaign.

9.2 SO2
In the last 10 years the SO2 emissions in Romania decreased dramatically, especially after 2007
when Romania joined to EU (Figure 9.2.1). This important decrese is attributed to the EU laws for
environmental protection. As other EU countries, Romania respected the European directives for
environmental protection . This aspect is also visible from space. In Figures 9.2.2 we present the SO2
observed by OMI in 2006 and 2013. From these figures can be observed that in 2013 the SO2
emissions from the Jiu Valley can not be detected by OMI instrument, the observations from OMI
being close to the detection limit of the instrument.

Figure 9.2.1: SO2 emission from Romania by power plants from the Jiu Valley
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Figure 9.2.2: The SO2 amount observed by OMI in 2006 and 2013

Figure 9.2.3: The SO2 VCD observed by OMI over Turceni during Aromat-2015

The maximum SO2 VCD detected by OMI over Turceni during Aromat-2015, August, is on the range
of ~2.5e±1e16 molecules/cm2. The averaging effect inside of the OMI pixel cumulated with the
detection limit of the instrument can not reveal the entire amount of SO2 from ground as the
instruments onboard ground mobile or aerial platforms. The high resolution mobile DOAS
instruments used from ground or air are able to detect the entire amount of SO2 which range
nearby source from 1e17 molecules/cm2 to 1e18 molecules/cm2, (see Section 6.2.2).
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9.3 H2CO
Figure 9.12a and 9.13a presents the measured H2CO DSCDs in Bucharest on 31 August 2015 with the
same zenith only spectrometer. Note that the DOAS analysis is done with respect to a reference
spectrum recorded in the Jiu Valley where, the H2CO signal was under the detection limit of our
instrument. The time series indicate variations of the DSCDs between 2e16 and 7e16 molec.cm2
.Interestingly, there seems to be some correlation on the time series of NO2 DSCD (shown in the
lower plot) but this correlation is clearly limited. For instance, the maxima for both species are found
at the end of the time series but between 8 and 8.5 the NO2 DSCD increases while the H2CO
decreases.

Figure 9.12a: Time series of H2CO DSCDs measured with the BIRA Mobile-DOAS on 31 August 2015 in
Bucharest
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Figure 9.12b: Time series of H2CO DSCDs measured with the UGAL zenith-sky car-DOAS system on 31 August
2015 in Bucharest

All the systems (BIRA, UGAL, MPIC) used for HCHO observations show for Bucuresti city a maximum
peak of HCHO DSCD of 8xe16 molecules/cm2.
The spatial distribution of this H2CO zenith DSCD inside Bucharest is shown on Fig. 9.13c, which
clearly indicatesa positive gradients toward the East, which means the city center in this case. Note
that these measurements are qualitatively in agreement with the measurements of MPIC (see Sect
6.2.3)

Figure 9.13c: Mobile DOAS measurements of H2CO DSCD on the morning of 31 August 2016
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9.4 Aerosols

th

Fig.9.14a: Calipso measurements- aerosol types during the overpass on August 28 ; green line shows the
closest overpass to Magurele

The 96 hours backward trajectories ending at 12UTC over Bucharest_Magurele performed with
Hysplit model (Fig. 9.4), emphasizes the dominant NE air mass advection (from Ukraine & Republic
of Moldova). A significant area of fire spots has been detected over Ukraine with MODIS instrument
(Fig.9.a), longways Hysplit trajectories. These information are consistent with sun-photometer’s
measurements. Values of AE exceeding 1.9 around 12UTC (Error! Reference source not
found.middle panel) and, the first peak (around 0.1) of size distribution (Error! Reference source not
found. right panel), indicate the dominant small size & spherical aerosol particles, most probably
with biomass burning origin.

th

Fig. 9.4: Backward trajectories ending above Magurele on August 28 at 1500,2000,2300 and hot
sports(biomass burning events) from MODIS Fire maps(left panel)
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10. Summary and lessons learned
We have conducted three international airborne campaigns in Romania and Germany, respectively
in August 2015 (AROMAT-2 in Bucharest and Turceni), April 2016 (AROMAPEX in Berlin) and MayJune 2016 (AROMAT-2016 in Bucharest. The work built on the experience gained during the first
AROMAT campaign, which took place in September 2014 in Romania. Initially, the AROMAT
consortium wanted to fill several gaps by organizing one follow-up campaign :1) targeting more
chemical species (SO2, H2CO in addition to NO2 and aerosols), 2) performing longer flight patterns for
the AROMAT-1 UAV-based instruments and for FUBISS, 3)testing of ground-based imaging systems
for NO2 and SO2, 4) adding airborne platforms (INCAS BN-2, Uni. Galati ultralight aircraft, DLR-Do228)and related experiments (such as the VITO APEX, the Uni. Galati nadir DOAS experiment, or the
intercomparison studies between the KNMI sonde with a CAPS NO2 monitoring system), 5) carrying
on the tests of the logistic aspects on the two Romanian sites and getting more operational with the
flight approvals for foreign research flights at the Romanian Civil Aeronautic Authorities. These goals
were largely achieved, but in the end within three campaigns held in two countries. In the following,
we summarize what was achieved and present lessons learnedfor each of these objectives.

Trace gases
Regarding thetrace gases dataset, we have collected better measurements of SO2 in the Jiu Valley in
AROMAT-2 than in AROMAT-1, in particular thanks to improved version of the AROMAT-1 airborne
and ground-based DOAS instruments(AirMAP and SWING) with better signal-to-noise ratios in the
UV, and better spectrometers deployed on the ground (MPIC, BIRA, and UGAL mobile DOAS). In
addition to AROMAT-1, we have also operated a set of SO2 cameras around the Turceni power plant.
We stress however that SO2 as seen in the Jiu Valley from a space borne instruments would be
difficult to validate by comparing with ground-based or airborne campaign data as the plumes
arelocalized and SO2 levels have decreased in recent years, following EU regulations. To compare
SO2 emitted by the power plant with the satellite, one could perhaps use longer time periods to
average the satellite data, and the measured fluxes from the stack.
During AROMAT-1 some H2CO was detected by MPIC Mobile-DOAS around Bucharest. This was
confirmed during AROMAT-2 and H2CO is also visible in the BIRA and MPIC Mobile-DOAS Bucharest
dataset. Note that H2CO was also detected in Berlin during AROMAPEX, at lower levels than in
Bucharest. In addition, the IUP static MAX-DOAS installed at FUB was also able to detect HONO in
Berlin.
Regarding NO2and aerosols, the AROMAT-1 database was greatly expended with the DOAS
instruments, but also with in-situ profiles around Bucharest from the BN-2 and columnswith the
PANDORA at INOE. In Berlin, the NO2field appeared dominated by a power plant in the North-West,
as was already observed in pre and post-campaign AirMAP measurements in 2015.
The collected dataset will be used in publications and presented in international conferences. his
dataset is a great reference for future campaigns.
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Flight patterns
The instruments which were operated from UAVs during AROMAT-1 (SWING and an Aerodynamic
Particle Sizer) were operated from manned aircraft from AROMAT-2, respectively from the Cessna
and from the BN-2.This enabled us to conduct longer flight patterns and to reach higher altitudes.At
the time of writing this report, operating instruments from manned aircraft still seems to be a more
realistic approach to validate space borne measurements than operating from UAVs. Indeed, current
and near-future pixel extents are too large for UAVs which are prohibited above important roads or
populated areas. This may change in the coming years as UAV legislation and safety is quickly
evolving.
We have also dedicated more time to FUBISS profile flights in AROMAT-2 which yielded an improved
dataset of aerosol extinction profiles, compared to AROMAT-1. These FUBISS measurements
revealed that the extinction profiles vary strongly in a relatively close area, depending e.g. on the
profile position with respect to the wind. This finding is consistent with the Microtops data, which
indicates that the AOD at FUB is lower than in other parts of Berlin. Therefore, the assumption of
representativity of one ground-based station (e.g. aeronet or lidar) for a given flight area should be
considered with care.
Ground-based imaging systems for trace gases
We have also tested ground-based systems for imaging the plume of NO2 and SO2.The NO2 camera
that was used is a new concept, which greatly benefited from the AROMAT-2 campaign. As for
airborne imagers, Turceni appeared a very interesting place for these ground-based imaging systems
due to the exhaust plume of the power plant and the available logistics at the soccer field, from
where one has a clear view on the power plant. However, it appears difficult to link these groundbased imaging instruments with the rest of the AROMAT-2 dataset. It would be interesting for a
future campaign to place the ground-based imagers in a location where they can observe a broader
portion of the plume, i.e. focussing on the first few hundred metres downwind instead of the first
tens of metres above the stacks. This would increase the synergy with airborne nadir measurements.
The SO2 cameras were placed around the power plant with the aim of reconstructing the 3d plume
structure using a tomographic algorithm. Unfortunately, this setup allows only an indirect
comparison of the results with the aircraft and potentially satellite data by using a chemistry air
quality model. A more direct comparison would have been possible by pointing the cameras upward
to measure the downwind plume. When using object lenses with smaller focal lengths (e.g. 12 mm
for the EnviCam-2 or the 25 mm for the double Apogee systems) the UV SO2 cameras have a 30
degrees field-of view, which is comparable to the FOV of the IR cameras. Depending on the plume
rise/altitude and cross-wind extend of the downwind plume images from multiple cameras could
have been combined to cover the plume. This alternative setup would have enabled a direct
comparison of the camera SO2 SCD and the aircraft data.
Finally, note that an EnvicamSO2 camera was operated in nadir from the Cessna above Turceni. This
experiment, which was performed during AROMAT-2 for the first time to our knowledge, was not
conclusive due to the low signal in nadir and the difficulty to get a background scene from a moving
platform.
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Airborne platforms and experiments
During AROMAT-1, we used the FUB Cessna, two UAVs, and meteorological balloons. As mentioned
above, the instruments on board the UAVs were shifted to manned aircraft during AROMAT-2. That
was also the case for the NO2 sonde, which was operated onboard the INCAS BN-2. This
configuration enabled us in particular to compare the NO2sonde with a commercial CAPS system. It
appeared that these two datasets are highly correlated, but that the scaling factor between the two
is not stable. This discrepancy may originate partly from the two instruments but something that
should be improved for future flights is the warming-up period for the CAPS, which requires at least
one hour for stabilization. This warm-up could not be done during AROMAT-2 and AROMAT-2016
since the power in the BN-2 originated from stacked car batteries that had only 2 h autonomy. Note
that the CAPS NO2 values tend to be negative at high altitudes, which may be due to some pressure
effect. This effect should be further investigated in future flights by studying the stability of the 0
reference of the CAPS at high altitudes. Another limitation of the AROMAT-2 BN-2 flights was that
the soundings were not performed inside Bucharest plume.
For future airborne campaigns, it would be helpful to have the authorization to make soundings all
around Bucharest, so the city air pollution plume could always be captured. In addition, mobile
DOAS measurements should be conducted before every research flight take off, in order to localize
the plume and subsequently finalize the flight plan.The same holds true for the AirMAP
measurements above the Turceni exhaust plume: its direction should be determined 2h before the
flight with a Mobile DOAS to optimize the flight plan. Note that for AirMAP, another improvement in
the flight plan would consist in flying above a clean area with homogeneous surface type, if possible
in the middle of the flight.
An ultralight aircraft was also operated in the Jiu Valley by during AROMAT-2. It carried a lightweight
instrument (nadir-only DOAS systems). The ultralight was based in Craiova, which is an interesting
base for operations in the Jiu Valley due to its proximity with the power plants. Note that the
ultralight could sample both Turceni and Rovinari exhaust plumes in a same flight. This intermediate
solution between a UAV and a larger manned aircraft may be developed further for future campaign
in the Jiu Valley it also has the advantage that the flight approvals are much easier to get. On the
other hand, it is more complicated to fly above Bucharest with such a platform. However, with such
a platform could be possible to fly around or nearby Bucharest.
Beside the two DOAS imagers (AirMap and SWING) that were operated together on the Cessna, and
which could thus be intercompared, we have also operated the APEX instrument onboard the DLR
Do-228. This experiment, which corresponded to a EUFAR transnational access proposal, was initially
planned in Romania within the AROMAT-2 campaign. The experiment consisted in operating
simultaneously the APEX and AirMAPimagers. Because of the difficulty in getting the flight approvals
for Romania in time, we decided to change the target to Berlin, where the Cessna is located, which
initiated the AROMAPEX campaign. Two parallel flights (Cessna and Do-228) could be achieved
above Berlin on a clear sky day. As for the other AROMAT experiments, airborne measurements
were completed by ground-based measurements of aerosols and trace gases.
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Logistics and flight approvals
As during AROMAT-1, both Bucharest and Turceni appeared convenient places to host a campaign,
thanks in particular to the involvement of UGAL, INOE and INCAS.We also tested Berlin during
AROMAPEX.
In Bucharest, INCAS offers a very convenient place for daily campaign meetings since it has meeting
rooms and is reachable by tram. Note that there is also a workshop and do-it-yourself/IT shops close
by. The IBIS Gara de Nord has a watched parking which makes it interesting for Mobile DOAS
equipment. The INOE atmospheric observatory, located in Magurele (+/- 1h from the center,
depending on the traffic), also has meeting facilities and is very well equipped for ancillary groundbased measurements to an airborne campaign.
In Turceni, we could again use the small hotel of the power plant company. It is very close to the
center of the village and offers 16 rooms. As last year, the local authorities and the Turceni people
were very collaborative, and we could install the instruments and use the facility at the soccer field.
In Berlin, the FUB is also very well equipped in terms of ground-based atmospheric instruments,
meeting and workshop facility. It is of course particularly convenient since the Cessna is based on
the small airport of Trebbin (+/-1h from the center).
We could obtain the flight approvals for the Cessna but with some difficulty, despite the fact that we
had started the discussion with CAA earlier and in a more official way than during AROMAT-1. We
were not able to get the approvals in time for the DLR Dornier, despite many efforts from the INCAS
colleagues. Note that for a future airborne campaign in Romania, August should be avoided for
administrative reasons, and that flight approval discussions should start at least three months in
advance with an official meeting involving the Civilian Aircraft Authorities (CAA), Romatsa,and the
campaign organizers. Note that on the other hand, the INCAS BN-2 (Romanian aircraft) could quickly
get its flight permits for circling around Bucharest. In AROMAT-2016, INCASwas also able to fly above
Magurele, which was an improvement compared to AROMAT-2. The FUB and DLR aircraft could
easily get a flight permit for the double flight above Berlin, but thanks to the early negotiations by
the FUB colleagues.

Page218 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

11. Acknowledgements
The AROMAT consortium wishes to warmly thank: Simona Goldberger and the people from the
Romanian Civil Aeronautical Authority, Captain Petre-Cristian Poptean and the people from the
Romanian aviation academy. We also acknowledge the Turceni people and in particular the Mayor,
Dumitru Gilceava, the people of the Turceni council and the administration of the Turceni power
plant. Also, the AROMAT consortium warmly thank to Marc Allaart (KNMI) and Nicolas Theys (BIRA)
for their contribution to the AROMAT-2 project. The AROMAT logos were kindly drawn by Isabelle
Bal.

Page219 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

12. References
Basart, S., Pérez, C., Nickovic, S., Cuevas, E., & Baldasano, J. M. (2012). Development and evaluation
of the BSC-DREAM8b dust regional model over Northern Africa, the Mediterranean and the
Middle East. Tellus B, 64(0). http://doi.org/10.3402/tellusb.v64i0.18539
Bass, A. M., & Paur, R. J. (1985). The Ultraviolet Cross-Sections of Ozone: I. The Measurements. In
Atmospheric
Ozone
(pp.
606–610).
Dordrecht:
Springer
Netherlands.
http://doi.org/10.1007/978-94-009-5313-0_120
Belegante, L., Nicolae, D., Nemuc, A., Talianu, C., & Derognat, C. (2014). Retrieval of the boundary
layer height from active and passive remote sensors. Comparison with a NWP model. Acta
Geophysica, 62(2), 276–289. http://doi.org/10.2478/s11600-013-0167-4
Biesemans, J., Sterckx, S., Knaeps, E., Vreys, K., Adriaensen, S., & Hooy-, J. (2007). Image Processing
Workflows for Airborne Remote. Proceedings 5th EARSeL Workshop on Imaging Spectroscopy,
1–14. http://doi.org/10.1007/b139115
Bluth, G. J. S., Shannon, J. M., Watson, I. M., Prata, A. J., & Realmuto, V. J. (2007). Development of an
ultra-violet digital camera for volcanic SO2 imaging. Journal of Volcanology and Geothermal
Research, 161(1), 47–56. http://doi.org/10.1016/j.jvolgeores.2006.11.004
Boersma, K. F., Eskes, H. J., Dirksen, R. J., van der A, R. J., Veefkind, J. P., Stammes, P., … Brunner, D.
(2011). An improved tropospheric NO2 column retrieval algorithm for the Ozone Monitoring
Instrument.
Atmospheric
Measurement
Techniques,
4,
1905–1928.
http://doi.org/10.5194/amt-4-1905-2011
Bogumil, K., Orphal, J., Homann, T., Voigt, S., Spietz, P., Fleischmann, O., … Burrows, J. (2003).
Measurements of molecular absorption spectra with the SCIAMACHY pre-flight model:
instrument characterization and reference data for atmospheric remote-sensing in the 2302380 nm region. Journal of Photochemistry and Photobiology. A, Chemistry, 157, 167.
BURROWS, J. P., RICHTER, A., DEHN, A., DETERS, B., HIMMELMANN, S., VOIGT, S., & ORPHAL, J.
(1999). ATMOSPHERIC REMOTE-SENSING REFERENCE DATA FROM GOME—2. TEMPERATUREDEPENDENT ABSORPTION CROSS SECTIONS OF O3 IN THE 231–794NM RANGE. Journal of
Quantitative
Spectroscopy
and
Radiative
Transfer,
61(4),
509–517.
http://doi.org/10.1016/S0022-4073(98)00037-5
Chance, K. and Orphal, J.: Revised ultraviolet absorption cross sections of H2CO for the HITRAN
database, J. Quant. Spectrosc.Ra., 112, 1509–1510, doi:10.1016/j.jqsrt.2011.02.002, 2011.
Chance, K. V., & Spurr, R. J. D. (1997). Ring effect studies: Rayleigh scattering, including molecular
parameters for rotational Raman scattering, and the Fraunhofer spectrum. Applied Optics, 36,
5224–5230. Retrieved from http://adsabs.harvard.edu/abs/1997ApOpt..36.5224C

Page220 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Constantin D-E, Merlaud A, Van Roozendael M, Voiculescu M, Fayt C, Hendrick F, Pinardi G,
Georgescu L. Measurements of Tropospheric NO2 in Romania Using a Zenith-Sky Mobile DOAS
System and Comparisons with Satellite Observations. Sensors. 2013; 13(3):3922-3940.
David M. Wilmouth, *, Thomas F. Hanisco, Neil M. Donahue, and, & Anderson, J. G. (1999). Fourier
Transform Ultraviolet Spectroscopy of the A 2Π3/2 ←
2Π3/2 Transition of BrO†.
http://doi.org/10.1021/JP991651O
de Haan, J. F., Hovenier, J. W., Kokke, J. M. M., & van Stokkom, H. T. C. (1991). Removal of
atmospheric influences on satellite-borne imagery: A radiative transfer approach. Remote
Sensing of Environment, 37(1), 1–21. http://doi.org/10.1016/0034-4257(91)90046-9
Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., … Vitart, F. (2011). The
ERA-Interim reanalysis: configuration and performance of the data assimilation system.
Quarterly Journal of the Royal Meteorological Society, 137(656), 553–597.
http://doi.org/10.1002/qj.828
Dekemper, E., Loodts, N., Van Opstal, B., Maes, J., Vanhellemont, F., Mateshvili, N., … Fussen, D.
(2012). Tunable acousto-optic spectral imager for atmospheric composition measurements in
the visible spectral domain. Applied Optics, 51(25), 6259. http://doi.org/10.1364/AO.51.006259
Dekemper, E., Vanhamel, J., Van Opstal, B., & Fussen, D. (2016). The AOTF-based
NO&amp;lt;sub&amp;gt;2&amp;lt;/sub&amp;gt;
camera.
Atmospheric
Measurement
Techniques, 9(12), 6025–6034. http://doi.org/10.5194/amt-9-6025-2016
Dubovik, O., & King, M. D. (2000). A flexible inversion algorithm for retrieval of aerosol optical
properties from Sun and sky radiance measurements. Journal of Geophysical Research:
Atmospheres, 105(D16), 20673–20696. http://doi.org/10.1029/2000JD900282
Dubovik, O., Smirnov, A., Holben, B. N., King, M. D., Kaufman, Y. J., Eck, T. F., & Slutsker, I. (2000).
Accuracy assessments of aerosol optical properties retrieved from Aerosol Robotic Network
(AERONET) Sun and sky radiance measurements. Journal of Geophysical Research:
Atmospheres, 105(D8), 9791–9806. http://doi.org/10.1029/2000JD900040
Fayt, C., Smedt, I. De, Letocart, V., Merlaud, A., Pinardi, G., & Roozendael, M. Van. (2011). QDOAS,
Software User Manual. Brussels, Belgium.
Fleischmann, O.: New ultraviolet absorption cross-sections of BrO at atmospheric temperatures
measured by time-windowing 45 Fourier transform spectroscopy, J. Photoch. Photobio. A,
168, 117–132, 2004.
Frey S, Poenitz K, Teschke G, Wille H (2010) Detection of aerosol layers with ceilometers and the
recognition of the mixed layer depth. In: Proceedings of international symposium for the
advancement of boundary layer remote sensing, Paris, 28–30 June 2010
Frieß U., Monks, P. S., Remedios, J. J., Rozanov, A., Sinreich, R., Wagner, T., and Platt, U.: MAX-DOAS
O4 measurements: A new technique to derive information on atmospheric 50 aerosols: 2.
Modeling studies, J. Geophys. Res., 111, D14203, doi:10.1029/2005JD006618, 2006.

Page221 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Gege, P., Fries, J., Haschberger, P., Schötz, P., Schwarzer, H., Strobl, P., … Jan Vreeling, W. (2009).
Calibration facility for airborne imaging spectrometers. ISPRS Journal of Photogrammetry and
Remote Sensing, 64(4), 387–397. http://doi.org/10.1016/j.isprsjprs.2009.01.006
Haan, J. F. de (Johan F., & Kokke, J. M. M. (1996). Remote sensing algorithm development : Toolkit I:
operationalization of atmospheric correction methods for tidal and inland waters. Delft:
Netherlands Remote Sensing Board (BCRS).
Hermans, C., Vandaele, A., Fally, S., Carleer, M., Colin, R., Coquart, B., Jenouvrier, A., and Merienne,
M.-F.: Absorption crosssection of the collision-induced bands of oxygen from the UV to the
NIR, in: Weakly interacting molecular pairs: unconventional absorbers of radiation in the
atmosphere, edited by: , 193– 202, Springer, 2003
Hilboll, A., Richter, A., Rozanov, A., Hodnebrog, Ø., Heckel, A., Solberg, S., … Burrows, J. P. (2013).
Improvements to the retrieval of tropospheric NO&lt;sub&gt;2&lt;/sub&gt; from satellite
&amp;ndash; stratospheric correction using SCIAMACHY limb/nadir matching and comparison
to Oslo CTM2 simulations. Atmospheric Measurement Techniques, 6(3), 565–584.
http://doi.org/10.5194/amt-6-565-2013
Holben, B. N., Eck, T. F., Slutsker, I., Tanré, D., Buis, J. P., Setzer, A., … Smirnov, A. (1998). AERONET—
A Federated Instrument Network and Data Archive for Aerosol Characterization. Remote
Sensing of Environment, 66(1), 1–16. http://doi.org/10.1016/S0034-4257(98)00031-5
Hönninger, G. and Platt, U.: Observations of BrO and its vertical distribution during surface ozone
depletion at Alert, Atmospheric Environment, 36, 2481–2489, 2002.
Hueni, A., Biesemans, J., Meuleman, K., Dell’Endice, F., Schlapfer, D., Odermatt, D., … Itten, K. I.
(2009). Structure, components, and interfaces of the airborne prism experiment (APEX)
processing and archiving facility. IEEE Transactions on Geoscience and Remote Sensing, 47(1),
29–43. http://doi.org/10.1109/TGRS.2008.2005828
Jayne, J. T., Leard, D. C., Zhang, X., Davidovits, P., Smith, K. A., Kolb, C. E., & Worsnop, D. R. (2000).
Development of an Aerosol Mass Spectrometer for Size and Composition Analysis of Submicron
Particles.
Aerosol
Science
and
Technology,
33(1–2),
49–70.
http://doi.org/10.1080/027868200410840
Kebabian, P. L., Herndon, S. C., & Freedman, A. (2005). Detection of nitrogen dioxide by cavity
attenuated phase shift spectroscopy. Analytical Chemistry, 77(2), 724–728.
http://doi.org/10.1021/ac048715y
Kern, C., Lübcke, P., Bobrowski, N., Campion, R., Mori, T., Smekens, J.-F., … Prata, F. (2015).
Intercomparison of SO2 camera systems for imaging volcanic gas plumes. Journal of
Volcanology
and
Geothermal
Research,
300,
22–36.
http://doi.org/10.1016/j.jvolgeores.2014.08.026
Kern, C., Werner, C., Elias, T., Sutton, A. J., & Lübcke, P. (2013). Applying UV cameras for SO2
detection to distant or optically thick volcanic plumes. Journal of Volcanology and Geothermal
Research, 262, 80–89. http://doi.org/10.1016/j.jvolgeores.2013.06.009

Page222 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Klett, J. D. (1981). Stable analytical inversion solution for processing lidar returns. Applied Optics,
20(2), 211. http://doi.org/10.1364/AO.20.000211
Lawrence, J. P., Anand, J. S., Vande Hey, J. D., White, J., Leigh, R. R., Monks, P. S., & Leigh, R. J.
(2015). High-resolution measurements from the airborne Atmospheric Nitrogen Dioxide Imager
(ANDI). Atmospheric Measurement Techniques, 8(11), 4735–4754. http://doi.org/10.5194/amt8-4735-2015
Levy, R. C., Mattoo, S., Munchak, L. A., Remer, L. A., Sayer, A. M., Patadia, F., & Hsu, N. C. (2013). The
Collection 6 MODIS aerosol products over land and ocean. Atmospheric Measurement
Techniques, 6(11), 2989–3034. http://doi.org/10.5194/amt-6-2989-2013
Meier, A. C., Schönhardt, A., Bösch, T., Richter, A., Seyler, A., Ruhtz, T., Constantin, D.-E., Shaiganfar,
R., Wagner, T., Merlaud, A., Van Roozendael, M., Belegante, L., Nicolae, D., Georgescu, L., and
Burrows, J. P.: High-resolution airborne imaging DOAS-measurements of NO2 above Bucharest
during AROMAT, Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-329, in review, 2016.
Meller, R., & Moortgat, G. K. (2000). Temperature dependence of the absorption cross sections of
formaldehyde between 223 and 323 K in the wavelength range 225-375 nm. Journal of
Geophysical
Research:
Atmospheres,
105(D6),
7089–7101.
http://doi.org/10.1029/1999JD901074
Merlaud, a., Van Roozendael, M., Theys, N., Fayt, C., Hermans, C., Quennehen, B., … De Mazière, M.
(2011). Airborne DOAS measurements in Arctic: Vertical distributions of aerosol extinction
coefficient and NO2 concentration. Atmospheric Chemistry and Physics, 11(17), 9219–9236.
http://doi.org/10.5194/acp-11-9219-2011
Merlaud, a., Van Roozendael, M., van Gent, J., Fayt, C., Maes, J., Toledo-Fuentes, ., … De Mazière,
M. (2012). DOAS measurements of NO2 from an ultralight aircraft during the Earth Challenge
expedition.
Atmospheric
Measurement
Techniques,
5(8),
2057–2068.
http://doi.org/10.5194/amt-5-2057-2012
Mori, T., & Burton, M. (2006). The SO2 camera: A simple, fast and cheap method for ground-based
imaging of SO2 in volcanic plumes. Geophysical Research Letters, 33(24).
http://doi.org/10.1029/2006GL027916
Ng, N. L., Herndon, S. C., Trimborn, A., Canagaratna, M. R., Croteau, P. L., Onasch, T. B., … Jayne, J. T.
(2011). An Aerosol Chemical Speciation Monitor (ACSM) for Routine Monitoring of the
Composition and Mass Concentrations of Ambient Aerosol. Aerosol Science and Technology,
45(7), 780–794. http://doi.org/10.1080/02786826.2011.560211
Nicolae, D., Nemuc, A., Müller, D., Talianu, C., Vasilescu, J., Belegante, L., & Kolgotin, A. (2013).
Characterization of fresh and aged biomass burning events using multiwavelength Raman lidar
and mass spectrometry. Journal of Geophysical Research: Atmospheres, 118(7), 2956–2965.
http://doi.org/10.1002/jgrd.50324
Pérez, C., Nickovic, S., Pejanovic, G., Baldasano, J. M., & Özsoy, E. (2006). Interactive dust-radiation
modeling: A step to improve weather forecasts. Journal of Geophysical Research, 111(D16),
D16206. http://doi.org/10.1029/2005JD006717

Page223 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Petit, J.-E., Favez, O., Sciare, J., Crenn, V., Sarda-Estève, R., Bonnaire, N., … Leoz-Garziandia, E.
(2015). Two years of near real-time chemical composition of submicron aerosols in the region
of Paris using an Aerosol Chemical Speciation Monitor (ACSM) and a multi-wavelength
Aethalometer.
Atmospheric
Chemistry
and
Physics,
15(6),
2985–3005.
http://doi.org/10.5194/acp-15-2985-2015
Platt, U. and Stutz, J.: Differential optical absorption spectroscopy, Springer, Berlin, Heidelberg, 2008
Popp, C., Brunner, D., Damm, A., Van Roozendael, M., Fayt, C., & Buchmann, B. (2012). Highresolution NO2 remote sensing from the Airborne Prism EXperiment (APEX) imaging
spectrometer.
Atmospheric
Measurement
Techniques,
5(9),
2211–2225.
http://doi.org/10.5194/amt-5-2211-2012
Porter, J. N., Miller, M., Pietras, C., & Motell, C. (2001). Ship-based sun photometer measurements
using microtops sun photometers. Journal of Atmospheric and Oceanic Technology, 18(5), 765–
774. http://doi.org/10.1175/1520-0426(2001)018<0765:SBSPMU>2.0.CO;2
Porter, J. N., Miller, M., Pietras, C., & Motell, C. (2001). Ship-based sun photometer measurements
using microtops sun photometers. Journal of Atmospheric and Oceanic Technology, 18(5), 765–
774. http://doi.org/10.1175/1520-0426(2001)018<0765:SBSPMU>2.0.CO;2
Prata, A. J., & Bernardo, C. (2009). Retrieval of volcanic ash particle size, mass and optical depth from
a ground-based thermal infrared camera. Journal of Volcanology and Geothermal Research,
186(1), 91–107. http://doi.org/10.1016/j.jvolgeores.2009.02.007
Prata, A. J., & Bernardo, C. (2009). Retrieval of volcanic ash particle size, mass and optical depth from
a ground-based thermal infrared camera. Journal of Volcanology and Geothermal Research,
186(1), 91–107. http://doi.org/10.1016/j.jvolgeores.2009.02.007
Prata, A. J., & Bernardo, C. (2014). Retrieval of sulfur dioxide from a ground-based thermal infrared
imaging
camera.
Atmospheric
Measurement
Techniques,
7(9),
2807–2828.
http://doi.org/10.5194/amt-7-2807-2014
Prunet, Pascal, Cédric Bacour, Ivan Price, Jan-Peter Muller, Philip Lewis, Marco Vountas, Wolfgang
von Hoyningen-Huene, et al. 2013. “A Surface Reflectance DAtabase for ESA’s Earth
Observation Missions (ADAM).” ESA Final Report NOV-3895-NT-12403. Noveltis
'Rekonstruktion von Temperatur- und Windinformationen aus Mode-S- Transponderdaten' (2016)
Rothman, L. S., Gordon, I. E., Barber, R. J., Dothe, H., Gamache, R. R., Goldman, A., … Tennyson, J.
(2010). HITEMP, the high-temperature molecular spectroscopic database. Journal of
Quantitative
Spectroscopy
and
Radiative
Transfer,
111(15),
2139–2150.
http://doi.org/10.1016/j.jqsrt.2010.05.001
Rozanov, V. V., Rozanov, A. V., Kokhanovsky, A. A., & Burrows, J. P. (2014). Radiative transfer
through terrestrial atmosphere and ocean: Software package SCIATRAN. Journal of
Quantitative
Spectroscopy
and
Radiative
Transfer,
133,
13–71.
http://doi.org/10.1016/j.jqsrt.2013.07.004
Schönhardt, A., Altube, P., Gerilowski, K., Krautwurst, S., Hartmann, J., Meier, A. C., … Burrows, J. P.
(2015). A wide field-of-view imaging DOAS instrument for two-dimensional trace gas mapping

Page224 of226

AROMAT-II: Final Report

Version: Final

from
aircraft.
Atmospheric
Measurement
http://doi.org/10.5194/amt-8-5113-2015

Doc-ID: AROMAT2-FR-1
Techniques,

8(12),

5113–5131.

Serdyuchenko, A., Gorshelev, V., Weber, M., Chehade, W., & Burrows, J. P. (2014). High spectral
resolution ozone absorption cross-sections &amp;ndash; Part 2: Temperature dependence.
Atmospheric Measurement Techniques, 7(2), 625–636. http://doi.org/10.5194/amt-7-625-2014
Sinnhuber, M., Burrows, J. P., Chipperfield, M. P., Jackman, C. H., Kallenrode, M.-B., Künzi, K. F., &
Quack, M. (2003). A model study of the impact of magnetic field structure on atmospheric
composition during solar proton events. Geophysical Research Letters, 30(15).
http://doi.org/10.1029/2003GL017265
Sluis, W. W., Allaart, M. A. F., Piters, A. J. M., & Gast, L. F. L. (2010). The development of a nitrogen
dioxide
sonde.
Atmospheric
Measurement
Techniques,
3,
1753–1762.
http://doi.org/10.5194/amt-3-1753-2010
Spurr, R. (2008). LIDORT and VLIDORT: Linearized pseudo-spherical scalar and vector discrete
ordinate radiative transfer models for use in remote sensing retrieval problems. In Light
Scattering Reviews 3 (pp. 229–275). http://doi.org/10.1007/978-3-540-48546-9_7
Stebel, K., Amigo, A., Thomas, H., & Prata, A. J. (2015). First estimates of fumarolic SO2 fluxes from
Putana volcano, Chile, using an ultraviolet imaging camera. Journal of Volcanology and
Geothermal Research, 300, 112–120. http://doi.org/10.1016/j.jvolgeores.2014.12.021
Stebel, K., Prata, F., Dauge, F., Durant, A., Amigo, A., Ajtai, N. (2012) Ultra-Violet multispectral
imaging cameras for validation of SO2 emissions. I: Proceedings. EUMETSAT Meteorological
Satellite Conference, SOPOT, Poland, 03 - 07 September 2012.
Ştefan, S., Radu, C., & Belegante, L. (2013). Analysis of air quality in two sites with different local
conditions.
Environmental
Engineering
and.
Retrieved
from
http://www.actris.net/Portals/97/Publications/publications extranet/Stefan 2013.pdf
Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, M. D., Ngan, F., … Ngan, F. (2015).
NOAA’s HYSPLIT Atmospheric Transport and Dispersion Modeling System. Bulletin of the
American Meteorological Society, 96(12), 2059–2077. http://doi.org/10.1175/BAMS-D-1400110.1
Sterckx, S., Vreys, K., Biesemans, J., Iordache, M.-D., Bertels, L., & Meuleman, K. (2016). Atmospheric
correction of APEX hyperspectral data. Miscellanea Geographica, 20(1), 16–20.
http://doi.org/10.1515/mgrsd-2015-0022
Stutz, J., Kim, E. S., Platt, U., Bruno, P., Perrino, C., and Febo, A.: UV-visible Absorption Cross-Section
of Nitrous Acid, J. Geophys. Res., 105, 14585–14592, 1999.
Thalman, R., & Volkamer, R. (2013). Temperature dependent absorption cross-sections of O2–O2
collision pairs between 340 and 630 nm and at atmospherically relevant pressure. Physical
Chemistry Chemical Physics, 15(37), 15371. http://doi.org/10.1039/c3cp50968k
Vandaele, A. (1998). Measurements of the NO2 absorption cross-section from 42 000 cm−1 to 10
000 cm−1 (238–1000 nm) at 220 K and 294 K. Journal of Quantitative Spectroscopy and
Radiative Transfer, 59(3–5), 171–184. http://doi.org/10.1016/S0022-4073(97)00168-4

Page225 of226

AROMAT-II: Final Report

Version: Final

Doc-ID: AROMAT2-FR-1

Vreys, K., Iordache, M.-D., Biesemans, J., & Meuleman, K. (2016). Geometric correction of APEX
hyperspectral data. Miscellanea Geographica, 20(1), 11–15. http://doi.org/10.1515/mgrsd2016-0006
Vreys, K., Iordache, M.-D., Bomans, B., & Meuleman, K. (2016). Data acquisition with the APEX
hyperspectral sensor. Miscellanea Geographica, 20(1), 5–10. http://doi.org/10.1515/mgrsd2016-0001
Wagner, T., Ibrahim, O., Shaiganfar, R., & Platt, U. (2010). Mobile MAX-DOAS observations of
tropospheric trace gases. Atmospheric Measurement Techniques, 3(1), 129–140. Retrieved
from http://www.atmos-meas-tech.net/3/129/2010/
Winkler, H., Sinnhuber, M., Notholt, J., Kallenrode, M.-B., Steinhilber, F., Vogt, J., … Stadelmann, A.
(2008). Modeling impacts of geomagnetic field variations on middle atmospheric ozone
responses to solar proton events on long timescales. Journal of Geophysical Research, 113(D2),
D02302. http://doi.org/10.1029/2007JD008574
Zieger, P., Ruhtz, T., Preusker, R., & Fischer, J. (2007). Dual-aureole and sun spectrometer system for
airborne measurements of aerosol optical properties. Applied Optics, 46(35), 8542–8552.
Retrieved from http://www.opticsinfobase.org/abstract.cfm?URI=ao-46-35-8542.

13. Appendices
13.1 DAR

Page226 of226

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

AROMAT2
Data Acquisition Report
ESA Contract No.4000113511/NL/FF/gp
Airborne Romanian Measurements of Aerosols and Traces gases (AROMAT2)

ESA Study
“Airborne Romanian Measurements of Aerosols and Trace gases 2“
Lead authors:
Livio Belegante , Andreas Meier2, Alexis Merlaud3
1

belegnatelivio@inoe.ro, ameier@iup.physik.uni-bremen.de, alexism@oma.be
1

INOE, 2IUP, 3BIRA

Co-Authors: the AROMAT 2 team

1

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

CHANGE LOG
Version

Date

Status

Authors

Draft 0.1
Draft 0.2
Draft 0.3
Draft 0.4

18.12.2015
14.01.2016
19.01.2016
03.02.2016

Sent to AROMAT team
Send to AROMAT team
Sent to ESA
Sent to ESA

L Belegante
all
all
L. Belegante,
D. Nicolae,

Draft 0.5

07.09.2016

Sent to Andreas, Dirk
and Alexis

L Belegante
A. Meier
A. Merlaud
M. Ardelean

Draft 0.6

26.09.2016

Sent to Andreas, Dirk
and Alexis for final
approval

L Belegante
A. Meier
A. Merlaud

Draft 0.7

06.10.2016

Send to Dirk for approval

L Belegante
A. Meier
A. Merlaud

Reason for
change
New document
Update
Update

A. Meier
Update –
second phase
of the
AROMAT 2
campaign
Several small
updates

Several small
comments from
the AROMAT
team

CO-AUTHORS
Name

Company

Livio Belegante
Andreas Meier
Alexis Merlaud
Doina Nicolae
Daniel Constantin
Andreea Boscornea
Thomas Ruhtz
Thomas Wagner
Emmanuel Dekemper
Hugues Brenot
Mirjam Den Hoed

INOE
IUP
BIRA-IASB
INOE
UGAL
INCAS
FUB
MPIC
BIRA
BIRA
BIRA

the AROMAT 2 team...

INTERNAL DISTRIBUTION
Name

Dept

Copies
Approval

2

For
Acceptance Information

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

EXTERNAL DISTRIBUTION
Name

Company

Copies

Alexis Merlaud
Dirk Schuettemeyer

BIRA-IASB
ESA

1
1

For
Approval

√

3

Acceptance

Information

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

TABLE OF CONTENTS
1.

INTRODUCTION ................................................................................................................................... 12
PURPOSE OF THIS DOCUMENT ............................................................................................................... 12
SCOPE ...................................................................................................................................................... 12
APPLICABLE DOCUMENTS ....................................................................................................................... 13
REFERENCES ............................................................................................................................................ 13
OBJECTIVES OF THE AROMAT2 CAMPAIGN ............................................................................................ 16

2.

PLATFORMS......................................................................................................................................... 17
a)

BN2 (INCAS)..................................................................................................................................... 17

b)

Cessna (U Berlin) ............................................................................................................................. 18

c)

Ugal plane (UGAL) ........................................................................................................................... 18

d)

Mobile lab (INOE) ............................................................................................................................ 20

e)

Mobile DOAS platforms (UGAL -BIRA- MPIC) ................................................................................. 21

3.

AIRBORNE IN-SITU MEASURMENTS.................................................................................................... 22
a)

Aerodynamic Particle Sizer (INOE) .................................................................................................. 22

b)

Integrating Nephelometer (INCAS) ................................................................................................. 25

c)

PICARRO (INCAS) ............................................................................................................................. 36

d)

CAPS (BIRA-IASB)............................................................................................................................. 50

e)

NO2 sonde (KNMI) .......................................................................................................................... 56

4.

AIRBORNE REMOTE SENSING MEASUREMENTS................................................................................. 62
a)

FUBISS-ASA2 (U. Berlin) .................................................................................................................. 62

b)

AirMAP (IUP) ................................................................................................................................... 68

c)

SWING (BIRA) .................................................................................................................................. 72

d)

SO2 camera (BIRA) .......................................................................................................................... 77

e)

ULM DOAS (UGAL) .......................................................................................................................... 79

5.

GROUND BASED REMOTE SENSING MEASUREMENTS ....................................................................... 84
a)

BIRA Mobile DOAS (UV and VIS systems) (BIRA) ............................................................................ 84

b)

Mobile DOAS (MPIC) ....................................................................................................................... 89

c)

Zenith-Sky Mobile-DOAS (UGAL) .................................................................................................... 94

d)

SO2 cameras (NILU-INOE) ............................................................................................................... 98

e)

ALTIUS VIS channel breadboard (BIRA)......................................................................................... 103
4

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

f)

Multiwavelength Raman lidar - RALI (INOE) ................................................................................. 110

g)

UV scanning depolarization Lidar -MILI (INOE) ............................................................................. 115

6.

GROUND BASED IN-SITU MEASUREMENTS ...................................................................................... 118
a)

7.

In-situ Gas analyzers (INOE) .......................................................................................................... 118
AUXILIARY DATA................................................................................................................................ 121

GROUND BASED MEASUREMENTS ....................................................................................................... 121
a)

Sun-lunar photometers (INOE) ..................................................................................................... 121

b)

Atmospheric parameters (INOE) ................................................................................................... 123

AIRBORNE MEASUREMENTS ................................................................................................................. 123
c)
8.

GPS ................................................................................................................................................ 123
INSTRUMENT LAYOUT WITHIN AROMAT2 - OVERVIEW................................................................... 127

Bucharest –BN2 flight strategy ............................................................................................................. 127
Bucharest –Cessna flight strategy ......................................................................................................... 127
Maps with instruments layout: ............................................................................................................. 129
9.

CONCLUSIONS AND RECOMMENDATIONS ....................................................................................... 132

Annex 1: Data acquisition report for the 2016 AROMAT campaigns (AROMAT-2016 and AROMAPEX) . 135
1.

Introduction ...................................................................................................................................... 135
AROMAT-2016 above Bucharest (30.05-01.06.2016) ........................................................................... 136
AROMAPEX above Berlin (10.04-22.04.2016)....................................................................................... 137

2.

Instrument layout within the two campaigns................................................................................... 138
AROMAT-2016 ...................................................................................................................................... 138
AROMAPEX............................................................................................................................................ 140

3.

Platforms ........................................................................................................................................... 142
AROMAT-2016 ...................................................................................................................................... 142
AROMAPEX............................................................................................................................................ 142

4.

AROMAT-2016 airborne measurements .......................................................................................... 143
a)

Aerodynamic particle sizer (INOE) – in-situ .................................................................................. 143

b)

Picarro Gas Analyzer (INCAS) – in-situ .......................................................................................... 145

c)

CAPS (BIRA-IASB) – in-situ ............................................................................................................. 149

5.

AROMAT-2016 ground-based instruments....................................................................................... 150
a)

Pandora 2S (INOE) – remote sensing ............................................................................................ 150
5

INOE, IUP

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

b)

Zenith-Sky Mobile DOAS (UGAL-INOE) – remote sensing............................................................. 153

c)

Sun-lunar photometer (INOE) – remote sensing .......................................................................... 154

d)

Multiwavelength Raman Lidar (INOE) – active remote sensing ................................................... 155

e)

UV depolarization lidar (INOE) – active remote sensing............................................................... 157

f)

Gas analyzers (INOE) – in-situ ....................................................................................................... 158

g)

Aethalometer (INOE) – in-situ....................................................................................................... 159

6.

AROMAPEX airborne instruments .................................................................................................... 161
a)

FUBISS-ASA2 (U Berlin) – remote sensing..................................................................................... 161

b)

AirMAP (IUP) – remote sensing .................................................................................................... 165

c)

SWING (BIRA) – remote sensing ................................................................................................... 167

d)

Spectrolite (formerly Tropolite) – remote sensing ....................................................................... 169

e)

APEX - Airborne Prism Experiment (BIRA) – remote sensing........................................................ 172

7.

8.

AROMAT2: Data Acquisition Report

AROMAPEX ground based instruments ............................................................................................ 183
a)

Mobile DOAS (BIRA) – remote sensing ......................................................................................... 183

b)

Mobile DOAS (MPIC) – remote sensing ........................................................................................ 184

c)

Zenith-Sky Mobile DOAS (UGAL) – remote sensing ...................................................................... 185

d)

Microtops (U Berlin) – remote sensing ......................................................................................... 187

e)

CAPS (BIRA) - in-situ ...................................................................................................................... 189

f)

Avantes - Zenith sky DOAS (IUPB) – remote sensing .................................................................... 190

g)

AERONET station (U Berlin) – remote sensing .............................................................................. 193

h)

Ceilometer CHM-15k (U Berlin) – active remote sensing ............................................................. 194

i)

ADSB station (U Berlin) – in-situ ................................................................................................... 196

j)

Air Quality Network (governmental) ............................................................................................ 197

k)

Additional measurements during AROMAPEX ............................................................................. 198
Conclusions and recommendations .................................................................................................. 199

AROMAT-2016 ...................................................................................................................................... 199
AROMAPEX............................................................................................................................................ 199

LIST OF ACRONYMS

6

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

(MAX-)DOAS

(Multi-Axis) Differential Optical Absorption Spectroscopy

AirMAP

Airborne imaging DOAS instrument for Measurements of Atmospheric Pollution

AMF

Air Mass Factor

APS

Aerodynamic Particle Sizer

AROMAT

Airborne Romanian Measurements of Aerosols and Trace gases

ASCII

American Standard Code for Information Interchange

ATMOSLAB

Airborne Laboratory based on Hawker Beechcraft

BN2

Britten-Norman airplane

CCD

Charge-Coupled Device

DOASIS

DOAS Intelligent System: all-round tool for working with spectral data

DSCD

Differential Slant Column Densities

EARLINET

European Aerosol Research Lidar Network

FUBISSASA2

Free University Berlin Integrated Spectrometric System-Aureole and
Sunphotometer Adapter 2nd genenration

FWHM

Full Width at Half Maximum

GPS

Global Positioning System

LOS

Lines Of Sight

MILI

Eye-safe UV scanning Lidar

N/A

Not Applicable

NMHC

NonMethane HydroCarbons

NTC

Negative Temperature Coefficient (thermistor)

OPAMP

OPerational AMPlifier

PBL

Planetary Boundary Layer

PC

Personal Computer

PM10

Particulate Matter up to 10 micrometres in size

PPBV

Parts Per Billion by Volume
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PTU

Pressure, Temperature, and humidity (sensor)

QDOAS

User interface dedicated to the DOAS retrieval of trace gases

QGIS

Cross-platform, free, open source desktop Geographical Information System

RALI

Multiwavelength depolarization Raman Lidar

RCS

Range Corrected Signal

SCD

Slant Column Density

SCIATRAN

Software package with radiative transfer model and retrieval algorithm

SD

Secure Digital

SNR or S/N

Signal-to-Noise Ratio

SWING

Small Whiskbroom Imager for trace gases monitoriNG

THC

Total HydroCarbons

UAV

Unmanned Aerial Vehicle

UHF

Ultra High Frequency

UPS

Uninterruptible Power Supply

UTCC

Coordinated Universal Time

UV

Ultra Violet

VCD

Vertical Column Density
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1. INTRODUCTION
PURPOSE OF THIS DOCUMENT
The purpose of this document is to report on the data acquisition activities, airborne remote sensing
and airborne in-situ measurements as well as ground-based in-situ and ground-based remote sensing
methods, performed in the framework of the AROMAT2 campaign. It contains a description of
instrumentation employed, and the data products within AROMAT2. Photos and graphics were added to
give the reader an overview of the instruments, the instrument platforms, the geographical locations,
the measurement sites, and the employed measurement set-ups.

SCOPE
This document applies to the data acquisition activities performed by BIRA-IASB, IUP, UGAL, INOE,
INCAS, MPIC, INCAS, VITO, NILU and FUB in the framework of the AROMAT2 campaign during the
second half of August 2015.
Measurements were performed on board of three different aircrafts and from the ground, above two
geophysical targets: the city of Bucharest and the large power plants of the Jiu Valley, 215 km West of
Bucharest (Figure 1). Target species of the campaign were NO2, SO2, aerosols, and formaldehyde, all of
them being mandatory products of TROPOMI/S5p. The dataset during AROMAT-2 was collected in view
of preparation of the validation activities for this new space-borne instrument, scheduled to be
launched in summer 2016.
This report is divided into two main sections, which correspond to the airborne and ground based
observations.

Figure 1: AROMAT 2 sites layout
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OBJECTIVES OF THE AROMAT2 CAMPAIGN
The main objectives of the first AROMAT campaign were to test the newly developed airborne sensors,
evaluating their capabilities as validation tools for future air quality space borne missions and sensors,
and to assess the feasibility of an intensive S5P Cal/Val campaign in Romania, after the launch of the
mission.
The first AROMAT campaign, in 2014, was successful in all planned airborne, balloon and supporting
ground-based observations, and a follow-up was organized in 2015. The second AROMAT campaign
aimed for longer flight patterns for the airborne instruments as well as a better coordination between
ground-based and airborne systems, new trace gas measurements, testing of additional ground based
imaging systems, lidar plume scanning, addition of other airborne platforms and effort stronger focus on
satellite comparisons.
In AROMAT2, a preliminary analysis of the data quality aiming to generate first scientific results in
support of the Sentinel-5P missions (see SOW) is foreseen. The campaign was organized to study
different chemical species relevant to S4, S5, S5p and CarbonSat missions (NO2, SO2, aerosols, and
formaldehyde) at relevant dimensional and temporal scales by means of ground based and airborne
measurements. In addition, the campaign was also focused on retrieving detailed information about the
aerosol load (backscatter and extinction coefficients) above the two sites (Magurele and Turceni) by
means of active (lidar) and passive (UV cameras) remote sensing. A special interest was given to the 3D
tomography of the plume emitted by the Turceni power-plant, a first attempt to use a combination of
UV cameras placed at different sites along the power plant, in order to retrieve the spatial distribution
of the plume.
An important output of the AROMAT 2 campaign is the high quality dataset (ground-based and airborne,
remote sensing and in situ) collected at the two sites. The preliminary analysis of these data will give
reliable information on the performances of the different techniques, and their potential use in the
future Cal/Val of the Sentinel missions. The dataset will provide estimates on spatial variability that can
be observed with the new Sentinel-5P satellite.
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2. PLATFORMS
AIRBORNE
a) BN2 (INCAS)
The INCAS Britten Norman Islander BN2 B-26 aircraft, registered YR-BNR, has a propulsion of 2 piston
engine, model Lycoming O-540-E4C5, that allows a climb rate of 295 m/min with a cruise speed of 257
km/h and a maximum speed of 273 km/h. The range during flight is of 1400 km. It has a length of 10.86
m, height of 4.18 m and wingspan of 14.94 m. During research flights the BN2 aircraft could reach a
minimum altitude of 300 m and a maximum altitude of 4024 m. The maximum take-off weight is of 2994
kg (where 1667 kg is the empty weight), with a maximum scientific payload of 200 kg).

Figure 2 INCAS Britten Norman Islander BN2 aircraft

Figure 3 Flight paths of all flights performed during AROMAT-2 campaign
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During the campaign the payload on board of this aircraft consisted in an integrated nephelometer, a
gas analyzer, an aerodynamic particle sizer, a NO2 CAPS analyzer and a NO2 probe.

b) Cessna (FUB)
The airborne research platform of the Freie Universität Berlin is a Cessna 207T. The airplane was
modified to allow the installation of several remote sensing instruments. The permanent equipment of
the Cessna comprises of a GPS system and an inertial measurement unit (IMU). The Cessna’s speed
ranges from 80 - 140 km/h and its maximum altitude is 6000 m. Since the aircraft cabin pressure cannot
be controlled, the effective maximum altitude is limited to approximately 3500 m.

Figure 4: FUB Cessna 207T Research Aircraft

c) Ugal plane (UGAL)
The airborne platform for the ULM DOAS is a Apollo Fox, capable to transport two operators up to 3 km
height. The 800km range made the airplane a good candidate for PBL airborne measurements above
Turceni. The platform was used to perform airborne measurements above the Turceni power plant up to
1100m altitude.
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Figure 5: UGAL Apollo Fox airplane
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GROUND BASED
d) Mobile lab (INOE)
The mobile environmental laboratory at INOE is a VW Crafter air conditioned van, accommodating a
wide variety of instruments, both in situ and remote sensing. The configuration is mission-dependent. In
case of AROMAT2, the following instruments were accommodated in the mobile laboratory: the UV
depolarization eye-safe lidar, in situ gas analyzers and a weather station. The van has an opening in the
roof which allows the use of the lidar from inside, when is vertically pointing. If scanning is required, the
lidar should be moved outside.
The lidar is measuring the aerosol backscatter coefficient profile (at 355 nm) in cross and parallel
polarization. The output parameters are the backscatter coefficient and the particle depolarization ratio
(both at 355 nm). However, with proper assumptions and constraints, the extinction coefficient profile
can also be calculated, as well as the mixing layer height.
The gas analysers measure gas concentrations using classical methods such as the cross-flow modulated
semi decompression chemoluminiscence method (for NOx monitor), UV fluorescence (SO2 monitor),
non-dispersion cross modulation infrared analysis method (CO monitor), ultraviolet absorption method
(O3 monitor), cross-flow modulated selective combustion type method combined with a hydrogen ion
detection method (THC monitor) and gas filter correlation spectroscopy (CO2).

Figure 6 INOE mobile lab
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e) Mobile DOAS platforms (UGAL -BIRA- MPIC)
The Mobile DOAS systems from UGAL, and BIRA were operated from cars in Bucharest and in Turceni.
The optical heads of the two BIRA systems were fixed on the car window. The optical heads and scanner
of two other systems (respectively UGAL, MPIC) were fixed directly on the roof (UGal, MPIC).

Figure 7 Three of the cars used to operate the Mobile-DOAS systems.

MPIC operated two MAX-DOAS instruments mounted on the car roof. Both instruments looked not only
into the zenith, but also to low elevation angles (typically 22°). For the combination of both viewing
directions, the absolute tropospheric column density can be derived more precisely than from only
zenith observations (without a dedicated clear sky reference measurements). Both instruments were
temperature-stabilized, which ensures stable instrumental properties.
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3. AIRBORNE IN-SITU MEASURMENTS
a) Aerodynamic Particle Sizer (INOE)
Introduction
The Aerodynamic Particle Sizer provides the diameter of particles using time-of-flight technique on 0.520 μm particles, measured in an accelerating flow field with a single high speed timing processor.
Simultaneously, a light scattering technique is used to detect particles between 0.37 and 20 μm. The
Aerodynamic Particle Sizer Spectrometer can measure from 0.5 to 20 μm by aerodynamic sizing and
0.37 to 20 um by optical detection. The instrument was installed on the INCAS BN2 for air-borne in-situ
measurements around Bucharest.

Figure 8: The INOE Aerodynamic Particle Sizer which has flown on
the INCAS BN2

Schedule
During AROMAT-2 campaign 7 flights comprising 11 hours and 37 minutes of research flight hours were
performed.

Table 1 APS schedule during AROMAT-2 campaign

The exact schedule of APS during research flights performed during AROMAT-2 campaign are presented
in Table 2.
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Instrument

Location

Day

Jul. Day

Aerodynamic

Bucharest

8/25/2015

237

08:54

10:29

1h 35min

Particle

8/27/2015

239

09:20

10:46

1h 26min

Sizer

8/28/2015

240

08:00

09:54

1h 45min

8/30/2015

242

07:09

08:52

1h 43min

11:04

12:20

1h 16min

07:14

09:22

1h 52min

11:22

13:22

2h

8/31/2015

243

UTC Time

Duration

Total

11h 37 min

Table 2 APS schedule during research flights

Data products
The output parameters are particle size raw counts from 52 channels, number, diameter, surface,
volume and mass particle size calculated with the aid of its software program. The system was used on
board of the BN2 aircraft with the aim of assessing the aerosol concentration profiles (PM10) in the
Planetary Boundary Layer (PBL).
Examples:

Figure 9 Mass size distribution using the Aerodynamic Particle Sizer which has
flown on the INCAS BN2

Data integration - in the context of satellite validation
The data products will be used in synergy with other airborne in-situ and ground based remote sensing
observations to characterize the 3D atmospheric scene.
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Notes on uncertainties, calibration and other known issues
Uncertainties:
The instrument undergoes periodic maintenance and inter-calibration procedures using ground based
gravimetric measurements within RADO. The data quality is assured by continuous monitoring of
internal parameters like the inlet flow, laser diode energy, inlet temperature and pressure.
Known issues:
The airplane inlet could affect the measurements since large particles could be obstructed by the
sampling. According to the preliminary analysis, the particle loss due to sampling was negligible.
Data format
filenames:
SSyymmddhhmm.pppp.PPPP
SS - station name
yy - year
mm - month
dd - day
hh - hour
mm - minute
pppp - data type: mass, volume, number
PPPP - data product: sdis - size distribution

The size distribution files contain:
header with additional data
columns of: date, time, size distribution [micro-g/m^3] for 0.523 0.542
0.723 0.777 0.835 0.898 0.965 1.037 1.114 1.197 1.286
1.715 1.843 1.981 2.129 2.288 2.458 2.642 2.839 3.051
4.068 4.371 4.698 5.048 5.425 5.829 6.264 6.732 7.234
9.647 10.370 11.140 11.970 12.860 13.820 14.860 15.960 17.150
size distribution units [micro-m]
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b) Integrating Nephelometer (INCAS)
Introduction
The TSI integrating nephelometer, model 3563, is used to measure with high accuracy both total and
backscatter signals of aerosols at three wavelengths: 450 nm (blue), 550 nm (green) and 700 nm (red).
Having incorporated temperature and pressure sensors and high vacuum integrity with additional
option of selecting the averaging time and varying the flow rates from 20 to 200 L/min, this instrument
shows good efficiencies for both short and long-term measurements of aerosol optical properties
related to climate, air quality, visibility, ensuring sensitivities of 10-7 m-1 (for blues and green wavelength
at 60-sec averaging time) and 3 X 10-7 m-1 (for red wavelength at 60-sec averaging time).

Figure 10: TSI integrating nephelometer, model 3563

Schedule
During AROMAT-2 campaign, 7 flights comprising 11 hours and 37 minutes of research flight hours were
performed.

Table 3 Integrating Nephelometer schedule during AROMAT-2 campaign
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The exact schedule of integrating nephelometer during AROMAT-2 campaign is presented in the Table 4.
Instrument

Location

Day

Jul. Day

Integrating

Bucharest

8/25/2015

237

08:54

10:29

1h 35min

8/27/2015

239

09:20

10:46

1h 26min

8/28/2015

240

08:00

09:54

1h 45min

8/30/2015

242

07:09

08:52

1h 43min

11:04

12:20

1h 16min

07:14

09:22

1h 52min

11:22

13:22

2h

Nephelometer

8/31/2015

243

UTC Time

Duration

Total

11h 37 min

Table 4 Integrating Nephelometer schedule during research flights

Data products
The primary data product directly provided by this instrument is the aerosol scattering coefficient,
recorded as a time function and computed from Beer-Lambert law depending on the applied working
protocol: backscatter mode or total scatter mode. It is recommended by the manufacturer that
backscatter mode to be use only if backscatter data is desired.
The results obtained during AROMAT-2 campaign are presented below.
Day: 25.08.2015 - test flight
UTC Time 08:54 – 10:29 (1h 35min)
Flight strategy: 2 approaches at Baneasa (120 m) and 2 approaches at Clinceni (130m)
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Figure 11 Scatter time series during flight performed in 25.08.2015

Figure 12 Backscatter time series during flight performed in 25.08.2015

Figure 13 Angstrom coefficient scattering time series during flight performed in 25.08.2015
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Figure 14 Angstrom coefficient backscattering time series during flight performed in 25.08.2015
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Day: 27.08.2015
UTC Time 09:20 – 10:46 (1h 26min)
Flight strategy: 2 horizontal soundings: ↑ 330m-3300m and ↓3300m-105m;

Figure 15 Scatter time series during flight performed in 27.08.2015

Figure 16 Backscatter time series during flight performed in 27.08.2015
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Figure 17 Angstrom coefficient scattering time series during flight performed in 27.08.2015

Figure 18 Angstrom coefficient backscattering time series during flight performed in 27.08.2015
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Day: 28.08.2015
UTC Time 09:20 – 10:46 (1h 26min)
Flight strategy: 2 vertical soundings: ↑ 750 m – 3300 m and ↓3300 m – 500 m;

Figure 19 Scatter time series during flight performed in 28.08.2015

Figure 20 Backscatter time series during flight performed in 28.08.2015
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Figure 21 Angstrom coefficient scattering time series during flight performed in 28.08.2015

Figure 22 Angstrom coefficient backscattering time series during flight performed in 28.08.2015

Data integration - in the context of satellite validation
The data products will be used for aerosol studies aiming synergetic studies with other airborne in situ
and ground-based remote sensing instruments for data validation.
Notes on uncertainties, calibration and other known issues
Limitations:
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There are several limitations that could affect the proper functionality of the integrating nephelometer,
e.g., sample room contamination with insects, birds or pests (severely limit the capability of particle
scattering measurements), humidity value changes (below or above the range 50-70 %) and a lower
value of the sample temperature in comparison with the inlet temperature. In the last example,
condensation may occur and the particle scattering inside the instrument is affected [RD-27].
Uncertainties:
Light scattered by aerosol particle at angles smaller than 7° and larger than 170° may lead to
uncertainties during measurements. In this sense, Massoli and co-workers [RD-28] proposed corrections
regarding truncation based on single scattering albedo and known refractive index .
Calibration:
The quality of measurements performed by using this instrument depends on photon-counting rate
which is associated with the constant calibration of the span gases. For this reason, periodical internal
calibration based on the measurement of photon frequency, temperature and pressure of each span gas
measurement and comparing it with known values of light scattering coefficient for known values of
temperature and pressure are required.
Products required from other AROMAT partners:
In order to validate the obtained data, there are required data inter-comparison with ground-based
remote sensing instruments, such as RALI (INOE). More exactly, the aerosol backscatter measurements
obtained by using RALI and integrating nephelometer will be inter-compared.
Data format
The output data provided in ASCII format will be acquired and recorded by using NephLog program, a
PC-application developed for this type of instrument [RD-27].
Time (T) will be recorded: T YYYY MM DD HH NN SS
T = time record
YYYY = year
MM = month
DD = day
HH = hour
NN = minute
SS = second
Photon count (B, G and R) of a specific wavelength (B-blue, G-green, R-red) are recorded:
B CCCCCCCCC SSSSSSSSS DDDDDD RRRRR LLLLLLLL MMMMMMMMM NNNNNN VVVVV PPPP.P TTT.T
B = photon count record for B , R or G
CCCCCCCCC = photon counts from calibrator (total scatter)
SSSSSSSSS = photon counts from measure (total scatter)
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DDDDDD = photon counts from dark
RRRRR = revolutions of chopper for total scatter measurement
LLLLLLLL = photon counts from calibrator(unused backscatter cycle)
MMMMMMMMM = photon counts from measure (backscatter)
NNNNNN = photon counts from dark (backscatter cycle)
VVVVV = revolutions of chopper for backscatter measurement
PPPP.P = pressure in millibar
TTT.T = sample temperature in degrees K
Data(D) will be recorded as:
D wxyz TTTT +B.BBBe-B +G.GGGe-G +R.RRRe-R +A.AAAe-A +B.BBBe-B +C.CCCe-C
D = total scatter data record
w = current mode. N if in normal measurement mode, Z if in Zero mode; B if in blanking mode
x = T if in total scatter mode; B if in backscatter mode
y = X currently unused
z = X currently unused
TTTT = time remaining in current state
+B.BBBe-B = scattering coefficient in blue
+G.GGGe-G = scattering coefficient in green
+R.RRRe-R = scattering coefficient in red
+A.AAAe-A = scattering coefficient in blue (backscatter)
+B.BBBe-B = scattering coefficient in green (backscatter)
+C.CCCe-C = scattering coefficient in red (backscatter)
The auxiliary status (Y) of the instrument will be recorded:
Y 9999999 PPP.P TTT.T III.I RR.R VV.V AA.A BBBB FFFF
Y = auxiliary status record
9999999 = sensitivity based on green channel (proton frequency)
PPPP.P = barometric pressure (mbar)
TTT.T = sample temperature (degrees K)
III.I = inlet temperature (degrees K)
RR.R = relative humidity (%)
VV.V = lamp voltage
AA.A = lamp current
BBBB = BNC input voltage (millivolts)
FFFF = status flags (hex)
The zero background (Z) data will be recorded as:
Z +B.BBBe-B +G.GGGe-G +R.RRRe-R +A.AAAe-A +B.BBBe-B +C.CCCe-C +D.DDDe-D +E.EEEe-E +F.FFFe-F
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Z = zero background record
+B.BBBe-B = scattering value from last zero (blue)
+G.GGGe-G = scattering value from last zero (green)
+R.RRRe-R = scattering value from last zero (red)
+A.AAAe-A = scattering value from last zero (blue backscatter)
+B.BBBe-B = scattering value from last zero (green backscatter)
+C.CCCe-C = scattering value from last zero (red backscatter)
+D.DDDe-D = Rayleigh scattering value from last zero (blue)
+E.EEEe-E = Rayleigh scattering value from last zero (green)
+F.FFFe-F = Rayleigh scattering value from last zero (red)
Some records for T, B, G, R, D, Y and Z shown in order of data transmitted are presented below:
T 2015 08 28 09 23 45
B 999999999 999999999 999999 10990 99999999 999999999 999999 10991 1013.7 299.7
G 999999999 999999999 9999999 10990 9999999 999999999 999999 10991 1013.7 299.7
R 999999999 999999999 9999999 10990 9999999 999999999 999999 10991 1013.7 299.7
D NTXX 9999 +1.111e-1 +2.222e-2 +3.333e-3 +4.444e-4 +5.555e-5 +6.666e-6
Y 9999999 222.2 333.3 444.4 55.5 66.6 77.7 8888 9999
Z +1.111e-1 +2.222e-2 +3.333e-3 +4.444e-4 +5.555e-5 +6.666e-6 +7.777e-7 +8.888e-8 +9.999e-9
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c) PICARRO (INCAS)
Introduction
The Picarro gas analyzer, model G2401-mc, provides simultaneous and continuous measurements of
four most common greenhouse gases: water vapors, carbon monoxide, carbon dioxide and methane.
Based on near–infrared cavity ring down spectroscopy technology, the analyzer has implemented a
highly stable temperature and sample pressure control and a patented wavelength monitor which
provides a good control of laser’s wavelength, and thus very accurate measurements of targeted
species. By tuning the laser with a known wavelength (generally the specific absorption wavelength of
the targeted gas) for quantifying the spectral features of gas phase molecules in an optical cavity
(including three mirrors of 99.9% reflexivity) and by using a sophisticated algorithm, the voltage decay in
time is recorded and by employing improved electronics, the concentration profiles are displayed in real
time. Therefore, sensitivities down to parts-per-billion (ppb) with negligible drift are reached.

a.

b.

Figure 23: a.The Picarro gas analyzer G2401-mc model; b. The working principle of Picarro gas analyzer

Schedule
During AROMAT-2 campaign were performed 7 flights comprising 10 hours and 18 minutes of research
flight hours. A short overview is presented in Table 5.

Table 5: Picarro Gas Analyzer schedule during AROMAT-2 campaign
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The exact schedule of gas analyzer is presented in the Table 6.
Instrument

Location

Day

Jul. Day

Gas Analyzer

Bucharest

8/25/2015

237

09:03

10:31

1h 28min

8/27/2015

239

09:46

10:49

1h 3min

8/28/2015

240

08:22

09:44

1h 22min

8/30/2015

242

07:25

08:52

1h 27min

11:11

12:23

1h 12min

07:30

09:25

1h 55min

11:26

13:23

1h 51min

8/31/2015

243

UTC Time

Duration

Total

10h 18 min

Table 6:Gas Analyzer schedule during research flights

Data products
The main data products obtained by using this instrument are the continuous concentration profiles of
water vapors, carbon monoxide, carbon dioxide and methane, which are displayed in real time (Figure
24: Real time monitoring of greenhouse gases using Picarro analyzer during research flight). The raw
data are then further processed in order to obtain extra information.
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Figure 24: Real time monitoring of greenhouse gases using Picarro analyzer during research flight

The results obtained during AROMAT-2 campaign are presented in following figures. The gradient
values of greenhouse gases during measurements were:





H2O: 0.18 – 2.2 ppm
CO: 0.04 – 0.53 ppm
CO2: 377 – 437.5 ppm
CH4: 1.7 – 6.1 ppm
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Day: 25.08.2015 - test flight
UTC Time 09:03 – 10:31 (1h 28min)
Flight strategy: 2 approaches at Baneasa (120 m) and 2 approaches at Clinceni (130m)

Figure 25: Water vapors concentrations measured during flight performed in 25.08.2015

Figure 26: CO concentrations measured during flight performed in 25.08.2015
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Figure 27: CO2 concentrations measured during flight performed in 25.08.2015

Figure 28: CH4 concentrations measured during flight performed in 25.08.2015
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Day: 27.08.2015
UTC Time 09:46 – 10:49 UTC (1h 3min)
Flight strategy
a. Ascending horizontal sounding from 300 m to 3300 m

Figure 29: Water vapors concentrations measured during flight performed in 27.08.2015

Figure 30: CO concentrations measured during flight performed in 27.08.2015
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Figure 31: CO2 concentrations measured during flight performed in 27.08.2015

Figure 32: CH4 concentrations measured during flight performed in 27.08.2015
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Day: 27.08.2015
UTC Time 09:46 – 10:49 UTC (1h 3min)
Flight strategy
b. Decending horizontal sounding from 3000 m to 105 m

Figure 33: Water vapors concentrations measured during flight performed in 27.08.2015

Figure 34: CO concentrations measured during flight performed in 27.08.2015
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Figure 35: CO2 concentrations measured during flight performed in 27.08.2015

Figure 36: CH4 concentrations measured during flight performed in 27.08.2015
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Day: 28.08.2015
UTC Time 08:22 – 09:44 UTC (1h 22min)
Flight strategy
a. Ascending vertical sounding from 750m to 3300 m

Figure 37: Water vapors concentrations measured during flight performed in 28.08.2015

Figure 38: CO concentrations measured during flight performed in 28.08.2015
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Figure 39: CO2 concentrations measured during flight performed in 28.08.2015

Figure 40: CH4 concentrations measured during flight performed in 28.08.2015
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Day: 28.08.2015
UTC Time 08:22 – 09:44 UTC (1h 22min)
Flight strategy
b. Descending vertical sounding from 3300 m to 500m

Figure 41: Water vapors concentrations measured during flight performed in 28.08.2015

Figure 42: CO concentrations measured during flight performed in 28.08.2015
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Figure 43: CO2 concentrations measured during flight performed in 28.08.2015

Figure 44: CH4 concentrations measured during flight performed in 28.08.2015

Data integration - in the context of satellite validation
The data products will be used for air quality concentration studies aiming synergetic studies with other
airborne in situ and ground-based remote sensing instruments for data validation.
Notes on uncertainties, calibration and other known issues
Limitations:
Increased humidity due to liquid water on the inlet filter can cause condensation on the analyzer’s optic
components if the operating temperature of the instrument is decreasing. If the filter is dried, the
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analyzer will begin working normally. Therefore, the ambient sampling conditions play an important
role.
Products required from other AROMAT partners:
The continuous concentration of these forth greenhouse gases are necessary to evaluate the air quality
vertical profile. In order to validate the obtained data, inter comparisons with ground-based remote
instruments are required, e.g., in situ gas analyzer (INOE).
Data format
The data generated by this instrument is in various ASCII-format text output files. As it was mentioned
before, the raw data, continuous read out from the analyzer, can be visualized in real time by using
Graphical User Interface – GUI [RD-29]. This data is stored in C:\Userdata\DataLog_User \YYYY\MM\DD,
where Y=year, M=month, D=day.
The output file is named:
CKFBDS##-yyyymmddhhmm-DataLog_User_Sync.dat
CKFBDS## - instrument serial number
yyyy – year
mm – month
dd – day
hh – hour
mm – minute
In this way, a chronological evidence is maintained. Data files are created every 15 minutes and stored
for 90 days before they are automatically deleted, with the possibility to modify the deletion frequency.
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d) CAPS (BIRA-IASB)
Introduction
The Cavity Attenuated Phase Shift nitrogen dioxide (NO2) type AS32M monitor manufactured by
Environnement S.A. deployed during the AROMAT-II campaign, operates as an optical absorption
spectrometer. It is capable of measuring direct NO2 with high precision and sensitivity using a blue lightemitting diode (LED) as a light source, a near-co focal arrangement of two high reflectivity (R~0.9999)
mirrors in tandem with an enclosed sample cell of 26 centimeter in length and a vacuum phototube
detector. Its efficiency is based on the fact that NO2 is a broadband absorber of light in the visible region
of the spectrum. The wavelength and spectral band pass of the measurement are defined by the use of
an interference filter centered at 450±10 nanometer. The monitor is enclosed within a standard 19 inch
rack-mounted instrumentation box, weighs 12.5 kilogram, and uses 225 Watts of electrical power
including the vacuum pump.

Figure 45: The Environnement S.A. AS 32M optical absorption NO2 (CAPS) analyser as used during the AROMAT-II
campaign.

The configuration of the monitor is quite simple and is shown below in the schematic form (Figure 46).

Figure 46: left: Schematic overview of the CAPS analyser. right: Illustration of the phase shift detection principle.

The air sample enters the monitor and passes through a disposable Teflon filter cartridge which removes
all particulates in order to prevent contamination of the mirror. The sample then proceeds through
Perfluoroalkoxy alkane (PFA) tubing into a stainless steel sample cell at one end and exits through tubing
from the other end where it is directed to a diaphragm pump with a flow rate of one liter per minute.
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The high reflectivity mirrors are directly attached to both ends of the sample cell, forming the optical
cavity which provides for the measurement of the concentration of NO2.
This concentration measurement is based upon the following principle: The square wave modulated
light from the blue LED passes through the absorption cell and is detected as a distorted wave form
which is characterized by a phase shift with respect to the initial modulation. The amount of that phase
shift is a function of fixed instrument properties—cell length, mirror reflectivity, and modulation
frequency—and of the presence of a scattering targets or absorbers (air, particles, trace gases, etc.)
within the cell (Figure 46).
The blue LED, filter and appropriate focusing optics are attached directly to this sample cell, and the
light emanating from it is directed into a vacuum phototube where the resultant signal is integrated,
digitized and sent to the internal computer where all subsequent data processing takes place.
The sample cell contains both pressure and temperature sensors which allow for both accurate
correction of the nitrogen dioxide absorption coefficient and baseline subtraction. The pressure reading
is also used to check on the proper operation of the particle filter.
During the AROMAT-II campaign the CAPS monitor was operated from the INCAS BN-2 research aircraft
(Figure 47), which was the first time ever that an AS32M analyzer from Environnement S.A. conducted
airborne measurements. CAPS was integrated into the BN-2 together with four different scientific air
quality monitors, namely an aerodynamic particle sizer (INOE), an integrating nephelometer also
measuring aerosols (INCAS), a PICARRO greenhouse gas analyzer (INCAS) and a KNMI NO2-sonde (Figure
47).

Figure 47: left: five instrument to be integrated in the BN-2 during a test at INCAS. right: INCAS BN-2 research
aircraft.

All seven BN-2 flights were deployed from the Strejnic airfield (Figure 48) which is situated ± 65
kilometers South-West of Bucharest, where the INCAS BN-2 aircraft was parked in a hangar (Figure 48)
belonging to the Strejnic private air club and the Civil Aviation Superior School.
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Figure 48: left: The Strejnic runway and the hangar where the BN-2 was parked with the blue roof. right: Location of
the Strejnic airfield with respect to Bucharest.

Schedule

Table 7: Cavity Attenuated Phase Shift NO2 monitor schedule during AROMAT-II

The schedule for the CAPS monitor measurements is presented in Table 7. During the first week of the
campaign (Julian day 229-235), both the poor weather conditions and fact that five instruments
including CAPS needed to be integrated into the INCAS BN-2 aircraft did not allow any CAPS
measurements. During the second week of AROMAT-II between Julian day 237 and 243, a total of seven
BN-2 flights were performed including one test flight. During all of those flights, the performance of
CAPS has been good which resulted in good measurements.
Data products
The primary data product provided by the CAPS monitor is the dry air volume mixing ratio of NO2
measured every 18 seconds (Figure 49). The BN-2 has performed vertical soundings during every flight,
trying to capture big vertical variation in NO2 caused by ascending and/or descending through the air
pollution emission plume of the city of Bucharest (Figure 50). Because simultaneously GPS coordinates
as well as outside air temperature, pressure and relative humidity have been recorded, for every vertical
sounding showing a big enough variation of NO2, an NO2 vertical profile can be deduced which is the
secondary data product.
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Figure 49: Quick looks of NO2 volume mixing ratios in ppb plotted against the recorded pressure in hPa for every
entire flight.

31-08-2015 (1)

st

Figure 50: Quick look of NO2 volume mixing ratio (ppb) recorded by CAPS during the first flight on August 31 ,
showing the common BN-2 flight pattern consisting of loops around the city and vertical (spiral) soundings.
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Notes on uncertainties, calibration and other known issues
Calibration:
In theory the CAPS monitor requires no calibration while the molar extinction coefficient which is
constant at a certain temperature is determined from a priori cross sections and the base line value –
which contains all information about the condition of the mirror – is periodically measured, (once a year
is recommended by Environnement S.A.). CAPS comes with a built-in zero referencing cycle which is the
only procedure that has to be conducted to calibrate the instrument. By selecting the “check zero”
option one is allowed to check the response of the analyzer to zero air, which can be measured from the
zero air channel where zero air is produced by passing ambient air through a special filter. By performing
a zero check one can evaluate the stability of the instrument over time and the necessity to conduct a
zero reference cycle.
Corrections:
The absorption cross section of NO2 at P0 = 1013 hPa and T0 = 273 K is 4.5 · 10-19 cm2 molec-1. The CAPS
monitor is equipped with sensors that continuously measure pressure (P) and temperature (T) inter alia
inside of the optical cavity. Therefore its measurements are automatically corrected taking into account
P and T inside of the cavity using the following formula: Ncorr = N · P0/P · T/T0.
Uncertainties:
Apart from the optical temperature and pressure dependence for which the NO2 signal is automatically
corrected, a negligible water dependence remains of < 2 ppb / 20000 ppm H2O. Also a fractional
additional temperature dependence remains of 0.1 % per °C which can be manually corrected for.
Known issues:
The CAPS monitor has a known warm-up time of ± 10-15 minutes. Since the battery power inside the
BN-2 and its hangar was limited, the CAPS monitor could not be switched on before take-off because of
which the first 10-15 minutes of recorded NO2 values are underestimated during every flight.
CAPS does not have its own GPS, outside air temperature and relative humidity measurements. In order
to be able to retrieve NO2 vertical profiles, additional measurements of these parameters have to be
conducted.
A recommended additional particle filter meant to avoid dust resulting from rough landings and takeoffs to enter the optical cavity did not arrive in time. Particles entering the cavity should lead to
overestimated values of NO2, something we did not see during AROMAT-II.
Instead, during every flight slightly negative values were recorded. These probably resulted from the
lack of zero measurements and zero referencing cycles which could not be performed due to the lack of
power in the hangar.
After the campaign it was noticed that there had been an 'optical temperature alarm’ on 31 August 2015
at 1 PM UTC: it was 42.9 where it should have been between 43 °C and 47 °C. It is unknown whether
and/or how a correction should be applied to the data recorded during the corresponding seventh flight.
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Data format
Data files are generated presenting the data in the format of comma separated values containing all 17
parameters recorded, namely: date and time, NO2 concentration (ppb), analysers’ internal T, T of optical
chamber, T of analysed gas, raw NO2 signal, relative humidity (unused!), P inside of optical cavity, light
intensity emitted by blue LED, optical loss of the cavity, gas permeation, auxiliary P and T (both
unused!), light intensity received by the phototube, phase difference of received signal w.r.t. LED signal,
reference voltage from analogue/digital converter, and analogue ground.
Date

NO2

Int. T
(°C)

Opt

Gas T
(°C)

Raw_NO
2 (ppb)

T
(°C)

(ppb)

R.
H

Sampl
eP
(hPa)

I Led
(mA)

Loss
(Mm1)

Perm
. b.
(°C)

Aux1
Pr.
(hPa
)

Aux1.
T (°C)

Signa
l
(mV)

Phas
e
(DEG
)

2.5V
ref
(mV)

GND
(mV
)

(%)

19/08/201
5 11:34

0,04843
4

29,38

43,2
1

24,84

1,59

n.a.

975,96

393,6
8

374,1
3

0

3

87,9

3591,
8

42,65

2498,
1

0

19/08/201
5 11:35

1,57429

29,66
6

44,1
0

25,95
1

3,35

n.a.

970,62

393,8
3

376,5
5

0

3

87,89

3558,
5

42,51

2498,
1

0

19/08/201
5 11:36

2,78583

30,13
1

45,0
5

26,78
3

3,59

n.a.

970,54

394,0
7

376,8
8

0

3

87,89

3531,
7

42,49

2498,
1

0

Table 8: Example of CAPS .csv data file once opened with Microsoft Excel.

References
[RD-31 Kebabian et al. 2007, RD-32 environment site]
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e) NO2 sonde (KNMI)
Introduction
The NO2-sonde has been measuring vertical NO2-profiles flying on board of a BN-2 research aircraft
from INCAS conducting seven flights including one test-flight taking off from an airfield in Strejnic. Please
consult chapter 3 paragraph d for more information on the airfield, the aircraft and its instrumentation
on board or chapter 2 paragraph a for more information on the BN-2 platform.
The NO2 sensor’s measurement principle is based upon the chemical reaction between Nitrogen dioxide
and Luminol. This is a chemiluminescent reaction, that produces a faint blue light. The reaction chamber
contains Luminol dissolved in (alkaline) water. Ambient air is pumped through a Teflon pump, and
bubbled through the sensing solution. The light that is produced by the reaction is detected by an array
of photodiodes that is glued to the reaction chamber. The electric current from the photodiodes is
converted into a voltage with a highly sensitive operational amplifier (OPAMP), and passed through a
filter that removes high frequency fluctuations.

Figure 51: left: Schematic overview of the measurement principle behind the KNMI NO2-sonde. right: Overview of
NO2-sonde components normally inside of a black cardboard and a Styrofoam box painted black on the inside during
measurement.

The photodiodes produce an unwanted signal when a heat flux is transported through them. This effect
is measured with a second array of photodiodes that is mounted behind a mirror. This second array does
not observe the light from the chemical reaction, but does register the unwanted signal. The difference
between the signals from the two arrays is a measure for the amount of light produced in the reaction
chamber.
The combination of a photodiode and an OPAMP also produces a temperature dependent offset. This
“dark voltage” is easily measured by replacing the sensing solution by pure water. To make this possible,
also a temperature sensor (NTC resistor) is glued onto the reaction vessel. Thus, the best estimate of the
NO2 concentration in the atmosphere is the difference between the signals from the two OPAMP’s i.e.
the “seeing” array of photodiodes minus the “blind” array of photodiodes, minus the dark voltage.
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This calculation is done offline. The three required signals (seeing array voltage, blind array voltage,
sensor temperature) are recorded individually. [Sluis et al.]
To log the data from the NO2-sonde, a self-built Arduino weather station was used allowing to measure
GPS coordinates, pressure, outside air temperature and relative humidity simultaneously with the NO2
concentration. The Arduino weather station used during AROMAT-II consisted of off-the-shelf
components and sensors listed below (Figure 52 left).

Figure 52 left: overview of the Arduino weather station / data logger hardware parts and cost. right: Image of the
assembled data logger as operated during AROMAT-II.

Schedule

Table 9: NO2-sonde schedule during AROMAT-II

The schedule for the NO2-sonde measurements is presented in Table 9. During the first week of the
campaign (Julian day 229-235), both the poor weather conditions and fact that five instruments
including the NO2-sonde needed to be integrated into the INCAS BN-2 aircraft did not allow any NO2sonde measurements. During the second week of AROMAT-II between Julian day 237 and 243, a total of
seven BN-2 flights were performed including one test flight. During the first three flights, the
performance of NO2-sonde has been good which resulted in good measurements. Due to unknown
issues with the instrument, the measurement during the first flight on Jul. day 242 was corrupted, after
which was decided to stop further NO2-sonde measurements during AROMAT-II. This decision was
based upon the fact that the first three successful measurements provided enough information upon
the NO2-sonde performance on board of the BN-2, and NO2 values were already recorded by CAPS. The
firs airborne NO2-sonde measurement of AROMAT-II was conducted on board an ultralight taking off
from Craiova, which turned out to be also corrupted.
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Data products
The primary data product provided by the NO2-sonde monitor is the concentration of NO2 measured
every second. We assume that the voltage associated with the light produced inside of the reaction
vessel (Vlight) is proportional to the mass of NO2 (fNO2) that enters the test-tube per second:
fNO2 (kg/s) = Vlight (V) * C (Figure 53)

Figure 53: Example of NO2-sonde primary product: a voltage associated with the light produced inside of the reaction
vessel (Vlight)

Essentially unknown constant C is thought to contain information about the efficiency of the chemical
reaction(s), the geometry of the detector and properties of the electronical components used. We can
convert fNO2 into the NO2 density by dividing with the pump flow (m3/s):
ρNO2 = fNO2 / flow
The next step is to calculate the NO2 partial pressure (PNO2) using:
PNO2 = ρNO2 * R * Tpump
R is the gas constant for NO2. The pump temperature Tpump is not measured in the current NO2-sonde
design, so it is estimated to be the detector reaction vessel temperature plus five degrees Celsius which
probably causes an error of a few percent in the final calculated value for NO2. Finally, the volume
mixing ratio (vmr) is obtained by dividing the partial pressure of NO2 by the ambient pressure, which can
be seen as the secondary product:
rNO2 = PNO2 / Pambient
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The BN-2 has performed vertical soundings during every flight, trying to capture big vertical variation in
NO2 caused by ascending and/or descending through the air pollution emission plume of the city of
Bucharest (Figure 54).

th

Figure 54: Quick look of NO2 volume mixing ratio (ppbv) for the test-flight on August 25 , showing the common BN-2
flight pattern consisting of loops around the city and vertical soundings (same measurement as the raw data
presented in the previous figure).

Because simultaneously GPS coordinates as well as outside air temperature, pressure and relative
humidity has been recorded, for every vertical sounding showing a big enough variation of NO2, an NO2
vertical profile can be deduced which is the final data product.
Notes on uncertainties, calibration and other known issues
Calibration:
We have always calculated a calibration constant C by comparing the computed NO2 mixing ratio with
the mixing ratio measured with a commercially available NO2 monitor. Probably in the future the
calibration can be transferred between NO2-sondes, thus avoiding the need for an additional NO2
analyser. At this point there is not enough is known about the long term stability of the NO2-sonde to be
sure this will work.
Corrections:
The efficiency of the chemiluminescent reaction with NO2 by which the amount of light produced by one
NO2 molecule is meant, depends on the basicity of the Luminol sensing liquid: the optimum lies around
pH 12.2. However, dependence is thought to be so small in the pH range established by acidification of
the sensing liquid because of a reaction with CO2 in ambient air during NO2-sonde, operation, that no
correction seems necessary for AROMAT-II data.
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Calibration constant C appears to increase with a rate of 2 percent per degree Celsius, for which is
corrected using the following equation: fNO2 = Vlight * C exp((Tdetector - 25.0) * 0.02).
Uncertainties:
During AROMAT-II a big difference in calibration constant C was noticed between the three successful
measurement days. The following multiplication factors were calculated scaling the NO2-sonde NO2 vmr
to the simultaneously recorded CAPS NO2 vmr: 42.16, 113.26 and 103.54. It is not understood what
caused the big difference in C between the test flight and flight one and two. A possible explanation is a
known Ozone (O3) interference , since the NO2-sonde has a known O3 sensitivity that is ± 3 % of its
sensitivity to NO2. Whether or not this interference is significant depends on the actual concentrations.
At the moment, ground level O3 concentrations are being investigated to check if they were substantial
enough to cause the big differences in the calculated calibration constants.
Known issues:
The NO2-sonde is not a very user-friendly instrument. This clearly showed during the first ultralight flight
taking off from Craiova and the first BN-2 flight on 30 August, both when experienced NO2-sonde
operators were not present at the site. During both flights mentioned, only corrupted data was
recorded, clearly showing that there is a need for a clear manual describing the NO2-sonde preparation
and operation procedure as well as improvement of the user-friendliness of the instrument.
Data format
Data files are generated presenting the data in the format of comma separated values containing all 23
parameters recorded both by the NO2-sonde and the Arduino-based weather station, namely: sample
no., last time stamp, gps year, gps_year , gps month, gps day, gps hour, gps_minute, gps_second, gps
age , gps longitude, gps latitude, gps altitude, gps hdop , gps course, gps speed, relative humidity,
outside air temperature, light intensity, box temperature, pressure, NO2-sonde seeing channel (*1024 /
5 = V), NO2-sonde blind channel (*1024 / 5 = V), NO2-sonde temperature channel (*1024 / 5 = V), gps
satellites (should be 6 or higher), dark current corrected NO2 signals (V).

Example:
of a NO2-sonde .csv datafile.
# [0] = index
# [1] = last_time_stamp
# [2] = gps_year
# [3] = gps_month)
# [4] = gps_day
# [5] = gps_hour
# [6] = gps_minute
# [7] = gps_second
# [8] = gps_age
# [9] = gps_longitude
# [10] = gps_latitude
# [11] = gps_altitude
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# [12] = gps_hdop
# [13] = gps_course
# [14] = gps_speed
# [15] = humidity
# [16] = temperature
# [17] = lightintensity (lux)
# [18] = box_temperature
# [19] = pressure
# [20] = NO2-sonde seeing c hannel (*1024 / 5 = V)
# [21] = NO2-sonde blind channel (*1024 / 5 = V)
# [22] = NO2-sonde temperature channel (*1024 / 5 = V)
# [23] = gps_satellites (should be 6 or higher)
# [24] = dark current corrected NO2 signals (V)
#
sample,timestamp,gps_year,gps_month,gps_day,gps_hour,gps_minute,gps_second,gps_age,gps_lon,'gps_lat,gps_alt,gps_hdop,gps_course,gps
_speed,humidity,temperature,lux,box_temp,pressure,no2_seeing,no2_blind,no2_temp,gps_satellites,dcc_signal
8.7300000e+02,8.7305200e+05,2.0150000e+03,8.0000000e+00,2.5000000e+01,8.0000000e+00,5.4000000e+01,1.6000000e+01,4.3000000e+0
1,2.5964125e+01,4.4923767e+01,1.6890000e+02,8.9000000e+01,2.6678000e+02,1.6410000e+01,3.5000000e+01,2.8200000e+01,4.0920000e
+03,3.5170000e+01,1.0001000e+03,2.5700000e+02,2.4500000e+02,4.9600000e+02,9.0000000e+00,5.7912081e-02

References
[RD-33 Sluis et al 2010]

61

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

4. AIRBORNE REMOTE SENSING MEASUREMENTS
a) FUBISS-ASA2 (FUB)
Introduction
The airborne spectrometer system FUBISS-ASA2 provides simultaneous measurements of the direct
solar irradiance and the aureole radiance in two different solid angles. The high resolution spectral
radiation measurements are used to derive vertical profiles of aerosol optical properties. Combined
measurements in two solid angles provide better information about the aerosol type without additional
and elaborated measuring geometries. It is even possible to discriminate between absorbing and nonabsorbing aerosol types. Furthermore, they allow to apply additional calibration methods and simplify
the detection of contaminated data (e.g. by thin cirrus clouds). For the characterization of the detected
aerosol type a new index is introduced which is the slope of the aerosol phase function in the forward
scattering region. The instrumentation is a flexible modular setup, which has already been successfully
applied in airborne and ground-based field campaigns.
During this campaign we are aiming to provide AOD (Aerosol Optical Depth) profiles in the vicinity of the
measurement area Bucharest and the discrimination between background and tropospheric AOD.

Figure 55: Aircraft installation of FUB ISS-ASA2

Measurement principle:
Radiation which enters the earth’s atmosphere is attenuated due to absorption and scattering. The
fundamental law is the Beer-Lambert law, which is strictly valid only for monochromatic irradiance, but
may also be applied for channels with a small bandwidth. The aerosol optical depth τa is derived by
rearranging the Beer-Lambert law:
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𝑉(𝜆)
−𝑚(𝜃)𝜏(𝜆)
2 ⁄ 2 =𝑒
𝑉0 (𝜆) 𝑑𝑠𝑖𝑡𝑒
𝑑𝑐𝑎𝑙

with

𝜏(𝜆) = 𝜏𝑅 (𝜆) + 𝜏𝑎 (𝜆) + 𝜏𝐺

𝜏(𝜆) = 𝜏𝑅 (𝜆) + 𝜏𝑎 (𝜆) + 𝜏𝑁𝑂2 (𝜆) + 𝜏𝑂3 (𝜆)

→ 𝜏𝑎 (𝜆) =

𝑙𝑛(𝑉0 (𝜆)𝑑) − 𝑙𝑛(𝑉(𝜆))
− 𝜏𝑅 (𝜆) − 𝜏𝑁𝑂2 (𝜆) − 𝜏𝑂3 (𝜆)
𝑚(𝜃)

τa

: Aerosol optical depth

τR

: Raleigh optical depth

τG

: Gas optical depth (NO2, O3, CO2, H2O, … for this case we neglect some gases)

τNO2

: NO2 optical depth

τO3

: O3 optical depth

V0
: calibration coefficient (calculated solar irradiance at the top of the atmosphere measured by
the instrument determined by the Langley plot method)
V

: measurement value

m

: relative air mass

Θ

: solar elevation angle

λ

: wavelength (defined channels of this analysis: 412.0, 450.0, 500.0, 550.0, 609.0, 778.0, 862.0)

Aerosol particles scatter predominantly into the forward direction. Therefore, the aerosol phase
function Pa has its largest variation in the region of 0° to 10°. Instead of measuring a complete 180°
almucantar, it therefore might be sufficient to measure only at distinct positions in the forward
63

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

scattering region in order to partially describe the scattering properties. Our new instrument is designed
to measure the spectral radiance simultaneously in two different concentric rings around sun (in the first
and second aureole) and the direct solar irradiance. The equation:

𝛽𝑎 = 𝜔0 𝑃𝑎 𝜏𝑎 =

𝐼𝑎
− 𝑃𝑟 𝜏𝑟
𝐼𝑑 𝑚𝛥𝜔

allows to determine the aerosol volume scattering function a for each field of view. The aureole index
aui is defined as the ratio of the two retrieved aerosol volume scattering functions:

𝑎𝑢𝑖(𝜆) =

𝛽𝑎1 𝑃𝑎1
=
𝛽𝑎2 𝑃𝑎2

where a1 is related to the inner aureole ring and a2 to the outer aureole ring. The aureole index can be
interpreted as the slope of the aerosol phase function in the forward scattering region. P a1 and Pa2 are
values averaged over the whole solid angle 1,2 of each aureole. Inserting the previews Equations it leads
to the operational equation:

𝑎𝑢𝑖(𝜆) =

(𝑧1 𝐼𝑎1 − 𝑃𝑟1 𝜏𝑟 𝑧2 𝐼𝑑 𝑚𝛥𝛺𝑎1 )𝛥𝛺𝑎2
(𝐼𝑎2 − 𝑃𝑟2 𝜏𝑟 𝑧2 𝐼𝑑 𝑚𝛥𝛺𝑎2 )𝛥𝛺𝑎2

The coefficients z1 and z2 consider the fact that the entrance optic for the direct sun path has filters
installed and furthermore, that the three intensities Id, Ia1, and Ia2 are measured by three separate
spectrometers. A relative radiometric calibration is needed to determine z1 and z2. The differences are
here related to the Ia measurement. For this calibration, the three entrance optics simultaneously
measure the radiance of a calibrated integrating sphere. The coefficients are then determined by the
following equations:

𝑧1 =

¯ 𝛥𝛺𝑎1
𝐼𝑎2
,𝑧
¯ 𝛥𝛺𝑎2 2
𝐼𝑎1

=

¯ 𝛥𝛺𝑑
𝐼𝑎2
¯
𝐼𝑑 𝛥𝛺𝑎2
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where Ia1 and Ia2 are the time averaged measured radiances of the first and second aureole, and Id is the
time averaged measured radiance of the direct sun path. All intensities have to be divided by their
corresponding solid angle ΔΩ.
Schedule

Table 10: FUBISS-ASA2 aircraft profile measurements

Cessna 207T flights:
Date

FH

Purpose

Instruments

Measurements

Results

20150811
(223)

3h59

Test flight Berlin

(1) Cessna 207T
(2) AirMAP
(3) Avantis
(4) FUBISS-ASA2
(5) AeroControl
(6) Swing
(7) SO2-Cam

(1) NO2, image
(2) NO2, point
(3) AOD, vertical
(4) Position, attitude
(5) NO2 point
(6) SO2 image

OK
OK
OK
OK
NO
NO
NO

20150815-16 (227)

6h36

Transfer

1

20150824 (236)

2h05

Test flight Bucuresti

1,2,3,4,5

1,2,4

OK (no motor ELT)

20150828 (240)

3h04

Turceni power plant

1,2,3,5,6,7

1,2,4,5,(6)

1,2,4,5 OK,

20150830a (242)

3h13

Bucuresti map

1,2,3,4,5

1,2,3,4

1,2,3,4 OK

20150830b (242)

3h09

Bucuresti map

1,2,3,4,5

1,2,3,4

1,2,3,4 OK

20150831a (243)

3h14

Bucuresti, daily cycle

1,2,3,4,5

1,2,3,4

1,2,3,4 OK

20150831b (243)

3h14

Bucuresti, map & dc

1,2,3,4,5

1,2,3,4

1,2,3,4 OK

20150901 (244)

6h40

Transfer flight Berlin

1,3

2

OK

20150928 (301)

2h53

Berlin

1,2,3

1,2,4

OK

Sum

38h07
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FUBISS-ASA2 measurements during AROMAT-2:
Julian day

Time frame from

Time frame to

236

No motor elt timer

further analysis required

237

No flights

238

No flights

239

Not analysed yet

240

No ASA2 operator on board

241

Not analysed yet

Ground based only

242 a
B

06:29:31,465 profile up
11:55:24,244 profile up&down

08:55:38,074
12:57:03,464

243 a
B

06:34:54,099 profile up&down
11:07:33,470 profile up&down

09:27:26,869
14:00:42,960

Ground based only

Data products

Figure 56: Data processing Chain

Products:
Aerosol optical depth profile, Angstrom exponent profile, aerosol extinction coefficient profile
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Possible additional products:
Discrimination between background and tropospheric AOD, aerosol volume scattering function βa , aui,
aui slope
Examples:

Figure 57: FUB Cessna flight pattern (FUBISS-ASA2 measurements in red)

Figure 58: FUBISS-ASA2 AOD profiles during AROMAT-2

References:
[RD-34 Zieger et al 2007]
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b) AirMAP (IUP)
Introduction
The Airborne imaging differential optical absorption spectroscopy (DOAS) instrument for Measurements
of Atmospheric Pollution (AirMAP) has been developed for the purpose of trace gas measurements and
pollution mapping [RD-7 Schönhardt et al.] and was operated on the FUB Cessna 207 Turbo.
The AirMAP is a push broom UV/vis imager with a wide field-of-view of around 51°, leading to a swath
width of about the same size as the flight altitude. The measurements yield ground spatial resolutions
better than 100 m. From a maximum of 35 individual viewing directions (lines of sight, LOS) represented
by 35 single fibers, the number of viewing directions is adapted to each situation by averaging according
to signal-to-noise or spatial resolution requirements. The spectrometer is an Acton 300i imaging
spectrograph with a focal length of 300 mm, and a f-number of f/3.9. It is equipped with a 400 g/mm
grating blazed at 300 nm, and enables measurements of the incoming light in the visible wavelength
range of currently 429-492 nm, and in its alternative UV setup of 304-367 nm. The spectrometer is
temperature stabilized at 35 °C. The spectra are analyzed using Differential Optical Absorption
Spectroscopy (DOAS).The instrument measures spectra of scattered sunlight, on which the DOAS
method is applied to derive columns densities of trace gases. The wavelength region of the selected
spectra can be chosen according to the chemical species of interest, with a spectral coverage of 63nm.
Schedule

Table 11: Schedule of measurements performed by AirMAP

Data products
During the flights, spectra of scattered sunlight from below the aircraft are recorded. The recorded data
sets are images of the square CCD-chip with the spectral information on the horizontal axis and spatial
information on the vertical axis.
In the post-processing, adjacent rows of the CCD are averaged according to the illumination by the
individual light fibers. This results in time series of individual spectra for each viewing direction.
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The spectra are georeferenced according to the aircraft position and attitude and then wavelength
calibrated using emission lines of a HgCd-spectrum.
Subsequently, the DOAS method is applied to the calibrated spectra to retrieve differential slant column
densities (DSCDs), which are the number density of an absorber integrated along the light path relative
to the absorber amount in the reference spectrum. The reference spectrum used in the DOAS-analysis is
taken from a scene from the same flight assumed to have low absorber abundances.
For the conversion of slant column densities to vertical columns densities air mass factors (AMF) are
applied that have been computed with the radiative transfer model SCIATRAN assuming a fixed vertical
absorber profile. [RD-8 Rozanov et al.]
Examples:

Figure 59: Exemplary data of NO2 vertical column densities above the city of Bucharest, measured on 2015-08-31.
The data show the averaged column densities retrieved during 3 subsequent overpasses.

Data integration - in the context of satellite validation
AirMAP provides gapless maps of spatial trace gas distributions over areas corresponding to of one or
several satellite pixels and thus is a superior instrument for satellite data validation. AirMAP allows the
investigation of the spatio-temporal variability of the NO2 field within one individual satellite pixel. By
comparing AirMAP’s measurements with mobile car-DOAS measurements, the general understanding
for satellite data validation with ground based systems can be improved.
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Notes on uncertainties, calibration and other known issues
Uncertainties:
Fitting errors for NO2 are around 5%. Further uncertainties are introduced when converting to vertical
columns, because assumptions have to be made on the absorber profile, ground albedo, background
vertical column etc. As shown in [RD-7 Schönhardt et al.] the overall uncertainties are in the order of
20%.
Calibration:
No absolute radiometric calibration is applied, instead the change in intensity relative to a reference
spectrum is used
In the current data version
o
o
o
o

a box profile of NO2, with a homogeneous distribution within the lowest 500m is
assumed
No aerosols are considered in the calculation of air mass factors
A constant background VCDNO2 of 1.0e+15 molec/ cm2 is assumed
Stratospheric correction is not yet applied

Known issues:
An instrumental drift linked to the hot ambient temperatures causes ‘stripes’ in the maps. The effect
increases with increasing temporal offset to the reference spectrum used. This might be corrected for in
a later version of our data product.
Products required from other AROMAT partners:


VCD of ground-based DOAS systems



VCD / dSCD of SWING



GPS and IMU data from the FUB Cessna

Helpful products for the analysis of AirMAP data would be:






The NO2 profile
Extinction profile
SSA profile
PBL height

Data format
YYMMDD[VD]II.EXTENSION
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YY=year
MM=month
DD=day
[VD]=viewing direction (01 until 35)
II=indicates the spectrometer used (only for internal information)
EXTENSION= file name extension
So for example the file with the name:
15083004II.NO2VISa
contains data from 2015-08-30, of the 4th viewing direction. The extension NO2VISa indicates that the
main product of the retrieval is the column density of NO2 in the visible spectral range.
The data is provided as tables in ASCII files. All files include a header that describes the data contained in
the columns as well as the most important settings used in the DOAS retrieval e.g. (fit window, crosssections etc.)
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c) SWING (BIRA)
Introduction
The SWING payload is a compact DOAS whiskbroom imaging system developed at BIRA in collaboration
with UGAL and designed to be operated from an Unmanned Aerial Vehicle (UAV) (Merlaud et al., 2013),
as was done during AROMAT-1. During AROMAT-2, SWING was operated from the FUB Cessna, together
with the UniBremen AirMAP.

Figure 60: The SWING payload (black box on the left) onboard the FUB Cessna during the campaign. The SO2
camera and the input optics of the AirMap instrument are also visible on the right.

The instrument is based on an AVANTES compact ultra-violet visible spectrometer (75 mm focal length,
50 microns slit, 1200l/mm) and a scanner to achieve whiskbroom imaging of the trace gases fields (NO 2
and SO2). Including the housing and the electronics (based on a PC-104 and an Arduino), the weight,
size, and power consumption of the SWING payload are respectively 1200 g, 33x12x8cm3, and 10 W.
Note that the SWING instrument operated during AROMAT-2 (SWING-2) is an upgraded version of the
similar payload used during AROMAT-1 (SWING-1). The main modification lies in the more advanced
spectrometer used, which enables in particular to retrieve SO2 in the UV.
Schedule
Table 12 presents the schedule of the measurement performed with SWING during AROMAT-2. On the
afternoon flight of JD242 (30 August 2015), there was an instrumental problem which prevented us
from recording spectra.
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Table 12: Operations of the SWING instrument onboard the FUB Cessna during AROMAT-2

Data products
SWING records spectra of the backscattered radiation on the ground or in the atmosphere below the
aircraft (Level 0). These spectra are analyzed with the DOAS method (Platt and Stutz) to retrieve both
the NO2 and SO2 differential slant columns densities (DSCDs). This is done for the BIRA instrument
using the QDOAS software (Danckaert et al., 2014). These DSCDs are the integrated concentration along
the optical path, with respect to the same quantity in a reference spectrum (Level 1). These slant
columns are first georeferenced with the IMU and GPS data recorded onboard the Cessna, and then
converted to vertical columns (concentration integrated vertically) with air mass factors (AMFs) which
are calculated with a radiative transfer model such as Lidort (Spurr, 2006). The AMFs accounts for the
effective light path of a measurement, which depend on the geometry of each measurement (solar
position, viewing angle) and the geophysical and atmospheric state (ground albedo, aerosol load, trace
gases profiles). The georeferenced vertical columns are the level 2 products.
Examples:
Figure 61 shows the NO2 and SO2 DSCDs (L2) time series of the SWING measurements corresponding to
the Turceni (28 August 2015) Cessna flight. It corresponds to the level 1 data as described above.

Figure 61: Time series of SO2 and NO2 DSCDs recorded during the AROMAT-2 Turceni flight
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Figure 62 shows (preliminary) vertical column densities for NO2 corresponding to the same Turceni
flight. It was calculated with DISORT taking into account the viewing angle of the scanner but neglecting
the aerosols and assuming a fixed ground albedo. It corresponds to (a preliminary version of) the level 2
data described above.

Figure 62: Horizontal distribution of the NO2 vertical columns around Turceni as measured with the SWING
instrument (28 August 2015)

Notes on uncertainties, calibration and other known issues
Uncertainties:
The total error on the vertical column originates from (i) error on the DSCDs (ii) error on the AMFs and
(iii) error on the reference column. At the time of writing the DAR, the first one is well characterized and
respectively accounts for 2e15 molec/cm2 and 1.5e16 molec/cm2 of the NO2 and SO2 DSCDs. This
corresponds for the typical NO2 and SO2 columns inside the plume to signal-to-noise ratios of
respectively 40 and 20.
Calibration:
The wavelength calibration is achieved in the DOAS procedure by fitting the Fraunhofer solar lines of the
measured spectra to a reference solar atlas. In practice, this is done for the reference spectrum based
on the solar atlas of Chance and Kurucz (2010). The spectral resolution is also fitted in this step. Then a
shift is fitted for each measured spectrum with respect to the reference calibration.
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The SWING instrument does not have a radiometric calibration. This is not necessary since the
measurement is differential by principle and the detector’s linearity is good enough.
Note that the differential aspect implies the determination of the reference columns of NO 2 and SO2 in
the reference spectra, using ancillary information.
Known issues:
1. Time referencing
On the flights of Sunday (30 August 2015) and Monday (31 August 2015), the PC time was corrupted and
thus the time reference in the spectra needs to be adjusted. This is done using the simultaneous AirMAP
measurements, as shown in Figure …

Figure 63: SWING and AirMAP time series for the flight over Bucharest (Monday morning, 31 August 2015).

This first rough time alignment can then be optimized matching the intensity in the spectra with the
ground albedo as seen e.g. in the high resolution maps of Google Earth.
2. Polarization sensitivity
Grating spectrometers are sensitive to the state of polarization of incoming light. For typical DOAS
instrument, this aspect is not important as the polarization is scrambled by the optical fibers. Due to its
compact size, the fiber used in SWING is just a 5 cm optical pipe. We have checked in the lab the
polarization sensitivity and found a polarization signature in the NO2 fitting window. This spectral
signature is not correlated to the NO2 cross section and does not impact the fitted DSCDs. However, it
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does impact the fit quality and its RMSD (root mean square deviation) and thus the DOAS error. We thus
include this polarization signature in the DOAS fit as an additional cross section.
References:
[RD-1 Merlaud et al., RD-3 Platt and Stutz, RD-4 Danckaert et al., RD-27 Spurr, RD-28 Chance and Kurucz]
Products required from other AROMAT partners:
The SWING data analysis requires:
1) the GPS and IMU data from the FUB Cessna
2) the AirMAP NO2 DSCDs with the correct time axis from Uni. Bremen
3) the aerosol extinction profile form the INOE lidar
4) the Mobile DOAS measurements from MPIC and UGAL
Data format
At the time of writing the DAR, the level 2 data (georeferenced vertical densities) is still preliminary so
we describe here only the level 1 data (DSCDs).
The files are in ASCII format and include the time, spectrum number and all the parameters fitted in the
DOAS analysis. The most important of these fitted parameters for the user are: the NO2
(NO2.SlCol(NO2) and SO2 (SO2.SlCol(SO2)) DSCDs with their associated errors (NO2.SlErr(NO2) and
SO2.SlErr(SO2)) . These quantities are expressed in molec/cm2.
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d) SO2 camera (BIRA)
Introduction
EnviCam 3 a commercial camera system from Nicarnica Aviation for measuring SO2 gas emissions from
volcanoes and industry. It features dual UV cameras (16 fps, fov 11.7°x15.4°), a spectrometer (250-400
nm, fov 0.5°*0.03°, spectral resolution 0.8 nm) an integrated computer and hard drive storage all
housed inside the aluminum, weather resistant casing. The instrument can be easily operated using a
tablet computer which mounts to the side of the case.

Figure 64: Envicam3 SO2 camera (left) and example of measurements in Antwerp Harbor (June 2016)

During the AROMAT-2 campaign, the Envicam3 camera was operated from the FUB Cessna, (see Figure
60 in SWING section), pointing to nadir in coincidence with the AirMAP and SWING instruments. This
experiment was to our knowledge the first attempt of operating such a SO2 camera from a plane in nadir
geometry.
Schedule, data products and known issues
The camera recorded pictures on its two channels (310 and 330 nm) on the flight above Turceni, on 28
August 2015. Figure 65 shows an example of recorded pictures during the flight.
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Figure 65: Images at the two wavelengths of the SO2 camera, recorded during the flight above Turceni on 28 August
2015

The attempt of using the SO2 camera in nadir geometry from the plane was not successful. Two
important problems arise compared to the nominal way of using the camera, ie from the ground in a
fixed position and pointing to the sky through a SO2 plume.
-

The signal is much weaker and thus the signal to noise ratio
The background levels for the two channels is constantly varying due to the plane movement

Due to these two issues, we could not identify a clear SO2 signal in the AROMAT airborne dataset.
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e) ULM DOAS (UGAL)
Introduction
An ULM-DOAS (Figure 66) system was deployed by UGAL during the AROMAT-II campaign in Craiova,
Turceni and Rovinari area. The ULM-DOAS system used during AROMAT-II consists on a compact CzernyTurner spectrometer (AvaSpec-ULS2048XL-USB2, of 175 × 110 × 44 mm dimensions and 855 g weight)
placed in ULM (UltraLight Motor). The spectral range of the UV-Vis spectrometer is 280–550 nm with 0.7
nm resolution (FWHM) with a focal length of 75 mm. The entry slit is 50 μm and the grating is 1200
L/mm, blazed at 250 nm. A flexible device (a piece of wood with a hole cached in a small metallic plate),
mounted under the wing of the aircraft (Figure 67), holds the telescope achieving a 1.2° field-of-view
with fused silica collimating lenses. The spectrometer is connected to the telescope through a 400 μm
chrome plated brass optical fiber. Each spectrum is recorded by a laptop and georeferenced by a GPS
receiver. The spectrometer and the GPS receiver are powered by the laptop USB ports. The entire set-up
is powered by 12 V of the aircraft through an inverter. Each measurement is a 10-second average of 10
scans accumulations at an integration time between 100–250 ms. All observations were performed only
in nadir geometry.

Figure 66: The ULM-DOAS system (artistic photo)
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Figure 67: The UV-Vis spectrometer inside the ULM and the telescope installed under the wing

Figure 68: The ULM-DOAS system performing measurements above Turceni power plant

Schedule
The schedule for the ULM-DOAS observations is presented in Table 13. During the AROMAT-2 campaign
the ULM-DOAS system was involved in measurements deployed only above Turceni and Rovinari. During
all of those measurements the ULM-DOAS system was working properly.
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Table 13: Operations of the ULM DOAS instrument during AROMAT-2
Data products
The main products obtained from ULM-DOAS measurements are NO2 DSCD and SO2 DSCD.
The analysis of the nadir spectra was performed using the QDOAS software, a program dedicated to the
DOAS retrieval of atmospheric trace gases developed by BIRA.
The NO2 column density was retrieved in the spectral region 425–490 nm where NO2 has strong
absorption lines. Absorption of O3, H2O and O4 can also be detected in the same region. The result of the
DOAS fit is a Differential Slant Column Density (DSCD) of NO2 which is the difference between the slant
column densities in the measured spectra (SCD) and the Fraunhofer reference spectrum (SCDref).
To determine the NO2 tropospheric VCD from the zenith-sky spectra will be used a retrieval algorithm
which uses complementary observations from ground and space (Constantin et al., 2013).
The SO2 column density was retrieved in the spectral region 305–325 nm where SO2 has strong
absorption lines. Absorption of O3 can also be detected in the same region. The result of the DOAS fit is
a Differential Slant Column Density (DSCD) of SO2 which is the difference between the slant column
densities in the measured spectra (SCD) and the Fraunhofer reference spectrum (SCDref).
In Figure 69 and Figure 70 are represented the NO2 DSCD and SO2 DSCD maps obtained from ULM-DOAS
measurements on August 25th 2015, measurements performed around the power plants located in
Craiova, Isalnita, Turceni and Rovinari.
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Figure 69: The NO2 DSCD in the Jiu Valley by ULM-DOAS on August 25th 2015

Figure 70: The SO2 DSCD in the Jiu Valley by ULM-DOAS on August 25th 2015
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Notes on uncertainties, calibration and other known issues
For the wavelength calibration, Fraunhofer lines of the solar spectrum were used, as described in the
QDOAS reference.
The spectra recorded during the airborne DOAS measurements are in general of a good quality and the
system is able to measure the NO2 and SO2 atmospheric column abundance. The best observations are
performed under clear sky condition.
Data format
Data files are generated presenting the data in the format of space separated values containing all 18
parameters recorded: Spec No, Fractional day, Fractional time, Scans, Rejected, Tint, SZA, Longitude,
Latitude, Altitude, NO2.RMS, NO2.SlCol(NO2), NO2.SlCol(O3), NO2.SlCol(Ring), NO2.SlCol(H2O,
NO2.SlCol(O4), NO2.Shift(Spectrum), Fluxes 480; Similar for SO2.

References
[RD-09 Constantin et al 2013, RD-30 Constantin et al 2015]
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5. GROUND BASED REMOTE SENSING MEASUREMENTS
a) BIRA Mobile DOAS (UV and VIS systems) (BIRA)
Introduction
BIRA operated two Mobile-DOAS systems during the AROMAT-2 campaigns (i) a double channel system
operating in the visible, dedicated to NO2 and (ii) a zenith-only UV system able to monitor both NO2 and
SO2. The latter was used in particular in Turceni.
1) BIRA double channel visible Mobile DOAS system
The BIRA double channel mobile-DOAS instrument is based on a double channel Avantes spectrometer
installed on a car. The entry slit is 50 µm, the focal length 75 mm and the grating is a 600l/mm, blazed at
300 nm. The spectral range is 200-750 nm with a 1.2 nm resolution (FWHM). The CCD detector is a
Sony2048 linear array with a Deep-UV coating for signal enhancement below 350 nm. An optical head,
mounted on the car window, holds the two telescopes achieving a 2.5° field-of-view with fused silica
collimating lenses. One telescope points zenith while the other is directed 30° above the horizon. Two
400 µm chrome plated brass optical fibers connects the telescopes to the spectrometer. The integration
time is around 5ms. Each measurement is an average of (typically) 10 seconds of 10 scans
accumulations. A GPS antenna is used for georeferencing the measurement, the whole set-up is
powered by the car 12V through an inverter. While measuring, the instrument is recording spectra
continuously and simultaneously from the two directions. [RD-6 Piters et al.]
2) BIRA UV zenith only Mobile DOAS system
The UV zenith only Mobile DOAS system is also based on an Avantes spectrometer installed on a car, but
this second system has different spectral and geometric characteristics. The spectrometer has a single
channel. The entry slit is 75 µm, the focal length 75 mm and the grating is a 1200l/mm, blazed at 250
nm. The spectral range is 200-450 nm with a 0.8 nm resolution (FWHM). The CCD detector is a 2048
linear array Hamamatsu S11155 with pixels of 14*500 µm2. The optical head is similar to the one of the
visible system described above (fixed on the car window, using a 400 µm thick optical fiber and a 2.5°
field-of-view with collimating lens) but the light is only collected in the zenith direction. The integration
time is around 150ms. Each measurement is an average of (typically) 10 seconds of 10 scans
accumulations. The system also uses a GPS antenna for georeferencing the measurements and is also
powered by an inverter plugged on the car 12V.
Schedule
Hereafter follows the schedule of the BIRA Mobile DOAS system during AROMAT-2. Note that the visible
spectrometer was only used in Bucharest while the UV system was moved to Turceni during the first
week of the campaign.
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Table 14: Operations of the BIRA Visible Mobile-DOAS during AROMAT-2

Table 15: Operations of the BIRA UV Mobile-DOAS during AROMAT-2

Data products
The two BIRA Mobile DOAS instruments record spectra of the scattered sky light (Level 0). These spectra
are analyzed with the DOAS method (Platt and Stutz) to retrieve both the NO2 and SO2 differential slant
columns densities (DSCDs). This is done using the QDOAS software (Danckaert et al., 2014). These
DSCDs are the integrated concentration along the optical path, with respect to the same quantity in a
reference spectrum (Level 1). These slant columns are georeferenced with the GPS data recorded from
the car, and then converted to vertical columns (concentration integrated vertically) with air mass
factors (AMFs) which are calculated with a radiative transfer model such as Lidort (Spurr, 2006). The
AMFs accounts for the effective light path of a measurement, which depend on the geometry of each
measurement (solar position, viewing angle) and the geophysical and atmospheric state (ground albedo,
aerosol load, trace gas profile). The georeferenced vertical columns are the level 2 products.
Note that quicklook KMLs have been created for every single mobile DOAS measurements. These KMLs
are single color and primarily intended to check the spatial/temporal coincidences between the
different platforms.
Examples:
Figure 71 shows an example of NO2 and SO2 DSCDs time measured in the Jiu Valley between Rovinari
and Craiova on 27 August 2015.
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Figure 71: SO2 and NO2 DSCDs measured in the Jiu Valley by the BIRA UV Mobile-DOAS

Figure 72 shows an example of map of georeferenced NO2 DSCDs that were measured during AROMAT2, around the Turceni power plant, on 28 August 2015. The wind was blowing from South-East.

Figure 72: NO2 DSCDs measured with the BIRA UV Mobile DOAS around the Turceni power plant (28 August 2015)
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Figure 73: Overview of the Mobile DOAS (UV and Vis) measurements performed during AROMAT-2 in the Bucharest
area.

Notes on uncertainties, calibration and other known issues
Uncertainties:
The total error on the vertical columns derived from the Mobile DOAS measurement originates from (i)
error on the DSCDs (ii) error on the AMFs (iii) error on the reference column (iv) error on the
stratospheric slant column.
For the double channel system (visible), the errors on the reference and stratospheric columns can be
both neglected since these quantities vanish in the data analysis, when subtracting the zenith from the
off-axis channel (see Merlaud).
For the zenith-only channel (UV) , these quantities have to be determined or estimated (see Constantin).
At the time of writing the DAR, the first one is well characterized and respectively accounts for
- 3e14 molec/cm2 and 5e15 molec/cm2 of the NO2 and SO2 DSCDs, respectively for the UV system. This
corresponds for the typical NO2 and SO2 columns inside the plume to signal-to-noise ratios of
respectively 200 for both species, inside the Turceni plume.
- 5e14 molec/cm2 for the visible system. This corresponds to typical signal-to-noise ratio of 50 inside
Bucharest plume
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Calibration:
The wavelength calibration is achieved in the DOAS procedure by fitting the Fraunhofer solar lines of the
measured spectra to a reference solar atlas. In practice, this is done for the reference spectrum based
on the solar atlas of Chance and Kurucz (2010). The spectral resolution is also fitted in this step. Then a
shift is fitted for each measured spectrum with respect to the reference calibration.
The Mobile DOAS instrument does not have a radiometric calibration. This is not necessary since the
measurement is differential by principle and the detector’s linearity is good enough.
Known issues:
1) In the last two days of the campaign, a software problem prevented us to operate the visible system
in its full capacity. In practice, the instruments recorded spectra but much less than it should have,
which leads to larger noise on the measurements (2e15 molec/cm2).
2) As pointed out by the MPIC group, the SO2 absorption sometimes saturates in the Jiu Valley. This
should be checked carefully in particular before comparing the Mobile- DOAS data with airborne
measurements
Products required from other AROMAT partners:
1) the aerosol extinction profile form the INOE lidars
2) the Mobile DOAS measurements from MPIC and UGAL
Data format
At the time of writing the DAR, the level 2 data (georeferenced vertical densities) is still preliminary so
we describe here only the level 1 data (DSCDs).
The files are in ASCII format and include the time, spectrum number, and all the parameters fitted in the
DOAS analysis. The most important of these fitted parameters for the user are: the NO2
(NO2.SlCol(NO2) and SO2 (SO2.SlCol(SO2)) DSCDs with their associated errors (NO2.SlErr(NO2) and
SO2.SlErr(SO2)). These quantities are expressed in molec/cm2.
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b) Mobile DOAS (MPIC)
Introduction
The MPIC operated MAX-DOAS instruments were (see Figure 74): a Mini-MAX-DOAS and a new built
MAX-DOAS. The Mini-MAX-DOAS was optimized for the detection of SO2 (wavelength range reaches
small wavelengths); the new MAX-DOAS was optimized for the detection of HCHO (improved spectral
properties and signal-to-noise ratio). Both instruments were mounted on the roof of the car, but looked
into different directions back and forth). From observations in different directions, confined emission
plumes, such as e.g. from power plants, will be observed at different times. Eventually, from such
observations, the plume height can be estimated.
The properties of both instruments are summarized below:
Property

Mini-MAX-DOAS

New MAX-DOAS

Analyzed absorptions

SO2, NO2, HCHO*

SO2**, NO2, HCHO

Spectral range

304 - 452 nm

316 - 474 nm

Spectral resolution

FWHM around 0.6 nm

FWHM around 0.6 nm

Viewing direction

forward

backward

Elevation angles

90°,(30°),22°

90°,(30°),22°

Typical integration time

60 s

30 s or 60 s depending on mode

*Limited by low signal to noise ratio
**Limited by not optimum spectral range
Mini-MAX-DOAS

‘New’ MAX-DOAS

Figure 74 Pictures of both instruments mounted on the top of the car.
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Schedule
Measured (good data)
Measured (bad data)
Not Measured due to weather
Not measured due to logistics
No measurements scheduled

Instrument

Location

Date

Jul. Day

14.08.2015
15.08.2015
16.08.2015
17.08.2015
18.08.2015
19.08.2015
20.08.2015
21.08.2015
22.08.2015
23.08.2015
24.08.2015
25.08.2015
26.08.2015
27.08.2015
28.08.2015
29.08.2015
30.08.2015
31.08.2015
01.09.2015
02.09.2015

226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

Time (UTC)
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS
Mini MAX-DOAS, TUBE MAX-DOAS

Mainz -> Vienna
Vienna -> Timisoara
Timisoara -> Bucharest
Bucharest
Bucharest
Bucharest
Bucharest
Bucharest
Bucharest
Bucharest -> Turceni, Rovinari
Turceni
Turceni
Turceni
Turceni
Turceni, Truceni -> Bucharest
Bucharest
Bucharest
Bucharest
Bucharest -> Budapest
Budapest -> Mainz

Table 16: MAX-DOAS schedule during AROMAT-2 campaign

Data products
The basic quantity of the data analysis is the differential slant column density dSCD. dSCDs are provided
for NO2, HCHO and SO2 for both instruments (see Figure 75). Here it should be noted that because of the
specific instrument properties, the SO2 dSCDs are of better quality from the Mini-MAX-DOAS
instrument, and the HCHO dSCDs are of better quality from the new MAX-DOAS instrument.
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Figure 75: NO2 dSCDs derived from both instruments on 01.09.2015. The slight time shift of both curves is caused
by the different viewing directions (back and forth).

Figure 76: HCHO dSCDs derived from both instruments on 31.08.2015. The larger scatter of the blue curve indicates
the worse signal to noise ratio of the Mini-MAX-DOAS compared to the ‘new’ MAX-DOAS (red curve).

In addition to the dSCDs, also tropospheric vertical column densities are calculated (based on the
method described in Ibrahim et al., 2009), see Figure 77. However, it should be noted that this method
does not yield meaningful results for localized plumes (like for the power plant plumes), because for
such plumes the condition of low spatial gradients is not fulfilled.
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Figure 77: Tropospheric NO2 VCD derived for 01.09.2015. Compared to the dSCDs, the stratospheric contribution is
removed.

Notes on uncertainties, calibration and other known issues
Uncertainties:
For low dSCD the uncertainties are dominated by the signal-to-noise ratio of the spectral analysis, and
can be estimated by the fit error of the DOAS analysis. For high dSCDs the uncertainties are dominated
by the uncertainties of the geometric approximation (typically < 20%).
For very high SO2 amounts the SO2 absorption of the standard analysis might be saturated. In such cases,
the retrieved SO2 dSCDs (and VCDs) are systematically underestimated. This uncertainty can be largely
reduced by a modified SO2 analysis in a wavelength range shifted towards longer wavelengths.
Calibration:
Based on fit to high resolution solar spectrum.
Products required from other AROMAT partners:
dSCDs and tropospheric VCDs of SO2, NO2 and HCHO from the car MAX-DOAS observations and aircraft
observations.
Data format
The data are in asciii format. For every trace gas, there are 2 data, one for DSCD and one for VCD. In
every data, there are some headers, which clarify the data. The VCD data has 5 parameters: longitude,
latitude, time in UTC, DSCD and VCD in molec/cm². The DSCD data has more parameters, namely
elevation angle, Total UTC-Time (number), time in UTC, solar zenith angle, longitude, latitude, RMS (root
mean square), DSCD in molec/cm².
Here is one example:
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* NofHeaderlines: 11
* Instrument identifier: MPIC_Mainz_Mini Max Doas UV
* Fit identifier: DSCD
* X-Axis = Elevation Angle (°)
* Y1-Axis = Total UTC-Time (number)
* Y2-Axis = UTC-Time(h)
* Y3-Axis = Solar Zenith Angle (°)
* Y4-Axis = Longitude
* Y5-Axis = Latitude
* Y6-Axis = RMS (root mean square)
* Y7-Axis = DSCD (molec/cm²) [NO2, SO2 or HCHO]
22 20140831070337 7.060277777777777 67.88294816181875 8.420572999999999 49.974808 0.00084174 2.1557e+016
22 20140831070414 7.070555555555556 67.77628497899666 8.437582000000001 49.975258 0.00094449 2.3142e+016
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c) Zenith-Sky Mobile-DOAS (UGAL)
Introduction
Two zenith-sky Mobile DOAS systems (Figure 78) were deployed by UGAL during the AROMAT-II
campaign in Bucharest city and Turceni/Rovinari area. The mobile DOAS system used during AROMAT-II
consists on a compact Czerny-Turner spectrometer (AvaSpec-ULS2048XL-USB2, of 175 × 110 × 44 mm
dimensions and 855 g weight) placed in a car. The spectral range of the UV-Vis spectrometer is 280–550
nm with 0.7 nm resolution (FWHM) with a focal length of 75 mm. The entry slit is 50 μm and the grating
is 1200 L/mm, blazed at 250 nm. A flexible device (a piece of wood with a hole cached in a small metallic
plate), mounted on the top of the road vehicle, holds the telescope achieving a 1.2° field-of-view with
fused silica collimating lenses. The spectrometer is connected to the telescope through a 400 μm
chrome plated brass optical fiber. Each spectrum is recorded by a laptop and georeferenced by a GPS
receiver. The spectrometer and the GPS receiver are powered by the laptop USB ports. The entire set-up
is powered by 12 V of the car through an inverter. Each measurement is a 10-second average of 10 scans
accumulations at an integration time between 50–150 ms. All observations were performed only in
zenith geometry.

Figure 78: The mobile DOAS system (sketch and artistic photo)

Schedule
The schedule for the CAR-DOAS observations is presented in Table 17. During the AROMAT-2 campaign
the CAR-DOAS system was involved in measurements deployed in both sites of campaign (Bucharest and
Turceni). During all of those measurements the Mobile-DOAS system was working properly.
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Table 17: CAR-DOAS schedule during AROMAT-2 campaign

Data products
The main products obtained from CAR-DOAS measurements are NO2 DSCD and SO2 DSCD.
The analysis of the zenith-sky spectra was performed using the QDOAS software, a program dedicated
to the DOAS retrieval of atmospheric trace gases developed by BIRA.
The NO2 column density was retrieved in the spectral region 425–490 nm where NO2 has strong
absorption lines. Absorption of O3, H2O and O4 can also be detected in the same region. The result of the
DOAS fit is a Differential Slant Column Density (DSCD) of NO2 which is the difference between the slant
column densities in the measured spectra (SCD) and the Fraunhofer reference spectrum (SCDref).
To determine the NO2 tropospheric VCD from the zenith-sky spectra will be used a retrieval algorithm
which uses complementary observations from ground and space (Constantin et al., 2013).
The SO2 column density was retrieved in the spectral region 305–325 nm where SO2 has strong
absorption lines. Absorption of O3 can also be detected in the same region. The result of the DOAS fit is
a Differential Slant Column Density (DSCD) of SO2 which is the difference between the slant column
densities in the measured spectra (SCD) and the Fraunhofer reference spectrum (SCDref).
Figure 79 and Figure 80 show the NO2 DSCD and SO2 DSCD maps obtained from CAR-DOAS
measurements on on August 25th 2015, measurements performed around the power plants located in
Turceni and Rovinari.
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Figure 79: The NO2 DSCD in the Jiu Valley by CAR-DOAS on August 28th 2015

Figure 80: The SO2 DSCD in the Jiu Valley by CAR-DOAS on August 28th 2015
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Notes on uncertainties, calibration and other known issues
For the wavelength calibration was used the Fraunhofer lines of the solar spectrum, as described in the
QDOAS reference.
The spectra recorded during car DOAS measurements are in general of a good quality and the system is
able to measure the NO2 and SO2 atmospheric column abundance. The best observations are performed
under clear sky condition.
Data format
Data files are generated presenting the data in the format of space separated values containing all 18
parameters recorded: Spec No, Fractional day, Fractional time, Scans, Rejected, Tint, SZA, Longitude,
Latitude, Altitude, NO2.RMS, NO2.SlCol(NO2), NO2.SlCol(O3), NO2.SlCol(Ring), NO2.SlCol(H2O,
NO2.SlCol(O4), NO2.Shift(Spectrum), Fluxes 480. Similar for SO2.

References
[RD-09 Constantin et al 2013, RD-30 Constantin et al 2015]
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d) SO2 cameras (NILU-INOE)
Introduction
Measurements were made with several multispectral UV cameras and two IR cameras. The UV systems
are composed of Alta-U47 cooled CCD camera from Apogee Instruments Inc., with 1024x1024 pixels and
Envicam 2 cameras with 1344 x 1024 pixels and a sampling rate of 12Hz. The cameras are equipped with
several filters (on-band – 310, 325 nm and off-band 315, 330 nm). The filters are UV narrow band path
filter with a 10 nm ban-pass. Measurements were made with 50, 78, 105 mm focal length lenses.
Camera control and imaging collection is made using the MaxIm DL commercial program (Bluth et al,
2007).
The SO2 imaging camera measures the absorption of light by SO2 in the UV spectrum between 280 – 340
nm (Bluth et al, 2007). SO2 strongly absorbs UV light at 310nm, while for the 330nm filter the SO2
absorption is approximately 30 times lower (Kern et al, 2010). The intensity of incident solar light is
attenuated according to the Beer-Lambert-Bouguer law, whenever SO2 is encountered along the optical
path. The difference between absorption intensities of two filters (with strong and low SO2 absorption
characteristics) is proportional with absorber’s concentration along the optical path.
Schedule
Observations were performed between 21-08-2015 and 29-08-2015 (8 [9] days) using one to three four)
UV cameras plus one IR camera from various sides around the power plan.

Table 18: SO2 camera schedule during AROMAT-2 campaign

Data products
Python-based software is used to retrieve SO2 path-length concentrations from two filtered absorption
images (Mori and Burton, 2006). The apparent absorbance of SO2 in the images is described using the
Lambert-Beer law.
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Examples:

Figure 81: plume emitted from second stack. Raw data

Figure 82: emission stages measured using the SO2 cameras
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Figure 83: Path-length concentrations from Turceni. Preliminary data

Notes on uncertainties, calibration and other known issues
Calibration:
The measurements require pre-existing calibration in order to retrieve the SO2 concentrations. Two
quartz cells containing SO2 with 100 –1500 ppm·m and 5000 ppm·m path-length concentrations are
used for calibration. Background extraction from clear sky images is also necessary for data accuracy.

Figure 84: Quartz cell for calibration

Instrument layout:
The exhaust plumes of the plant in Turceni represents an ideal target for NO2 and SO2 cameras, that are
a valuable addition to the airborne measurements for the accurate quantification of the 3D distribution
of the trace gases, important information of the calculation of air mass factors for satellite observations.
For this purpose, several cameras were deployed in several sites around the power plant:
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21.08.2015
1

Main 1

1

Main 1

22.08.2015
23.08.2015
1

Main 2

24.08.2015
1
2
3

Main 2
Field
Well

25.08.2015
1
2
3

Field
Garden
Hill

26.08.2015
1
2
3

Field
Garden
Hill

1
2
3

Main 2
Mountain
Sheep

1
2
3

Main 2
Mountain
Forest

1
2
3

Main 2
Mountain
Forest

27.08.2015

28.08.2015

29.08.2015
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Figure 85: UV camera layout around the power plant in Turceni

Data format
After the analysis, the data format will be chosen to best fit the requirements of the ARMOAT 2
campaign. The data can either be stored in temporal files for certain points of the image matrix or
complete matrix of path-length concentrations for each time interval.
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e) ALTIUS VIS channel breadboard (BIRA)

Introduction
ALTIUS is the acronym of a space mission currently being developed under PI-ship of BIRA-IASB. The
main objectives of this mission are the measurement of atmospheric trace species concentration
profiles (O3, NO2, aerosols, BrO, CH4, H2O, and more) by the method of hyperspectral imaging of
different light sources: bright limb, solar/stellar/lunar/planetary occultations. The instrument contains
three spectral channels: UV, VIS and NIR. Several years ago, an optical breadboard (BB) of the VIS
channel was developed and tested in laboratory conditions. The main objective was to gain more
confidence on the envisaged instrumental concept. Since then, it has been used in different outdoor and
laboratory experiments to test its capabilities in imaging and remote sensing of trace species (O 3, NO2
and aerosols).
The instrument relies on a linear optical layout: the front end optics (FEO) makes an image of the scene
inside an AOTF (acousto-optical tunable filter) which selects a narrow portion of the incident spectrum
and rejects the remaining part. The selected spectral content passes through the back end optics (BEO)
and is imaged onto the sensor (Princeton Instrument PIXIS 512B camera). The concept is illustrated in
Figure 86, and a picture of the instrument opened follows (Figure 87).

Figure 86: ALTIUS VIS channel breadboard concept. The AOTF is surrounded by two cross-oriented Glan-Taylor
polarizers.
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Figure 87: ALTIUS VIS channel breadboard opened.

The core element is the AOTF. The working principle is based on the elasto-optic effect where the elastic
energy is provided by an acoustic wave propagating through a birefringent crystal (TeO2). When light
enters the crystal in one linear polarization, photons of the matching energy undergo Bragg diffraction
by the acoustic phonons. The diffracted beam leaves the crystal in a slightly different direction and a
polarization rotated by 90°. These two effects are used to obtain a high rejection ratio of the unwanted
spectrum.
The generation of the acoustic wave inside the crystal is made by a piezoelectric transducer. Typical
frequencies are around 100MHz. They are generated by a calibrated electrical setup: a RF signal
generator and an amplifier. The selection of a different optical wavelength is simply achieved by the
tuning of the acoustic frequency according to a monotonic function (the tuning curve of the AOTF)
which depends on the crystal elastic and optical properties, and the propagation directions of light and
sound. The tuning curve of the AOTF used during the campaign is shown in Figure 88.
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Figure 88: Tuning curve of the AOTF allowing changing the filtered wavelength as a function of the acoustic
frequency.

The spectral transmission function (STF) of the AOTF is relatively homogeneous across the field of view
(FOV), and takes the form of a sinc² function. The achieved spectral resolution (understood as the full
width at half maximum of the STF) of the AOTF depends on the wavelength and is narrower towards the
blue and coarser towards the red. In the region where NO2 is typically measured (around 450nm), the
resolution of this filter is about 0.6nm. Previously, a spectrum of the NO2 absorption cross section has
been measured in laboratory conditions with this instrument looking through an absorption cell. It
confirmed that the instrument spectral resolution is adequate for resolving the characteristic structures
of the NO2 cross section (Figure 89).

Figure 89: NO2 absorption cross-section measured by the ALTIUS VIS channel BB (black line) compared to
reference data (grey line). The dip close to 485nm is caused by the saturation of the detector by a strong emission
line of the deuterium lamp used in the experiment.

In the AROMAT campaign, we made use of the good spectral resolution and took advantage of the
structures offered by the NO2 absorption cross section. The measurement strategy is as follows: 4 pairs
of wavelengths have been chosen, each of them containing a peak and a valley. Acquiring spectral
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images at these wavelengths sequentially (with the shortest possible dwell time) enables to retrieve the
slant columns of NO2 along the light path. A subsequent normalization with the background intensity
allows isolating the NO2 content in the plume. Based on simple frame-to-frame plume features tracking,
one can easily estimate the ascending speed of the smoke close to the stack outlet. This information
combined with the measured slant columns yields the emission fluxes of the stacks.
The ideal measurement conditions for this system are a homogeneous background, and an optically thin
plume at the measurement wavelengths (close to 450nm). If scattered clouds appear in the background,
they can be left out of the calculation of the background. If, however, clouds pass behind the plume, the
processing algorithm cannot be applied.
Typically, when the measurement conditions were acceptable, automatic acquisitions were triggered for
15-30 minutes. They consisted in continuously repeating the same sequence of measurements: one
image per wavelength, making 8 snapshots in total, plus one image with the AOTF turned off to capture
the stray light, the dark current and the offset. An average dwell time of 1.3 seconds is taken for CCD
readout, data storage, and wavelength tuning. Typical exposure times were 0.5-1 second per image.
Schedule
Owing to the size of the ALTIUS VIS channel BB and its driving electronics (+ acquisition system), it needs
to be transported by car. Departing from Brussels on the first day of the campaign (17/08/2015), and
arriving in Turceni two days later, the system could potentially be operational starting from Thursday
the 20th in the afternoon. Due to bad weather, nothing could be done until the 21st, where some
calibration measurements were performed between two showers. The next days were spent taking
measurements in relatively good conditions (see Table 19). On the 26th, the equipment was packed and
the instrument was driven back to Brussels (arrived on the 28th).

Table 19: Measurement schedule for the ALTIUS VIS channel BB. Orange = no meas. scheduled, grey = not meas.
due to bad weather, yellow = not meas. due to logistics (setup or calibration), red = bad meas., green = good meas.

Data products
Two types of data can be obtained from the measurements.

106

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

1. A bi-dimensional field of NO2 slant column densities (SCD) in molecules/cm² as measured along
the pixels line of sight and restricted to the plume. In other words, one can retrieve the
integrated amount of NO2 along the pixels line of sight across the plume. This can potentially be
done based on two successive images forming the wavelength pair needed to extract the NO2
content. However, due to the presence of inhomogeneities in the plume (blobs, convection
features, …), and because the acquisition is sequential with 1.3 second between two images, it is
preferable to compute the SCDs from the average of several pairs of images. A good assumption
is to generate a 2D field of SCDs every 5 minutes.
2. The NO2 emission fluxes in g/s for each smokestack. This is computed from the average NO2
SCDs observed close to the stack outlet, combined with the ascending speed of the plume
(estimated from plume feature tracking between successive images). This quantity can be
obtained at the same frequency as the SCD product.

Examples:
Figure 90 shows two spectral images taken during normal acquisition sequence.

Figure 90: Two successive spectral images forming a pair of wavelengths enabling the retrieval of NO2 SCDs from
the difference of intensities.

A typical map of NO2 SCD is shown in Figure 91. It is an average of 15 minutes of measurements. The
mean SCDs at the stacks outlet are 2.02x1017 molecules/cm² for the second stack, and 1.23x1017
molecules/cm² for the third one.
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Knowing the vertical speed (5.2m/s) and the pixel footprint at the level of the stacks, one can convert
the SCDs into emission fluxes: 6.6g/s for the second stack and 3.3g/s for the third one.

Figure 91: Map of NO2 SCD through the plume obtained from the averaging of spectral images over 15 minutes.

Notes on uncertainties, calibration and other known issues
There are two critical aspects affecting the quality of the measurements. The first one is to correctly
take into account the possible instrument response non-uniformities (IRNU) across the FOV. The AOTF
for instance introduces modulations of the image intensity of several percent throughout its aperture
which needs to be calibrated out. Dust or scratches on lens surfaces also introduce local effects. The
overall IRNU is characterized for each of the measurement wavelengths by acquiring a large amount of
images of a cloudy sky by looking at zenith. The averaging of these frames yields a synthetic flat field
with a “flatness” of 2-3% at pixel level.
The second critical parameter is the temperature of the AOTF: as the elastic and optical constants of the
crystal are temperature-dependent, the tuning curve is slightly shifted when the temperature changes.
The instrument currently does not possess a regulation of the temperature, neither a feedback control
loop to compensate for the tuning curve shifting. Therefore, it is at post-processing level that the
thermal aspect is managed. This is done by determining the effective acquisition wavelength as a
function of the ambient air temperature based on a temperature-dependent AOTF model. The accuracy
of this approach is about 0.1nm, which yields an uncertainty of about 10% in the cross-section data at
worst.
Uncertainties:
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As explained above, the uncertainty on the temperature of the crystal is the largest contributor to the
overall error budget. A detailed error analysis still needs to be done, but an order of magnitude for the
relative uncertainty on the SCDs, and on the emission fluxes is about 20%.
Calibration:
A wavelength scale calibration has been done in the laboratory before the campaign. In the beginning of
the campaign, taking advantage of the cloudy sky, a flat field calibration was performed at all
wavelengths in order to compensate for the IRNU. Dark current and stray light are measured every 8
images (i.e. every 15-20 seconds) during nominal acquisition sequences.
Known issues:
Among the 4 pairs of wavelengths considered for the nominal acquisitions, only two seems to have
delivered consistent data. The two others are the ones at the shorter wavelengths which suffered from
smaller signal and less sensitivity of the instrument. This does not compromise the measurements, as
each pair was designed to be redundant with the others.
Products required from other AROMAT partners:



Required: Ambient air temperature at the Turceni football field: provided by INOE
Optional: NO2 SCDs measured in the same geometry for cross-validation: provided by a grating
spectrometer being part of the package of one SO2 camera installed on the football field (NILU).

Data format
The data will be distributed as hdf5 files containing different fields:






the 2D NO2 SCD image
the settings of acquisition (time, location, pointing direction, wavelengths, acoustic frequency,
RF signal level)
the mean SCD close to the stacks outlet
the vertical speed of the plume
the NO2 emission fluxes associated to the image

109

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

f) Multiwavelength Raman lidar - RALI (INOE)
Introduction
Multiwavelength depolarization Raman Lidar (RALI) is an instrument capable to detect the Raman
backscattering radiation from atmospheric water vapor, nitrogen, and Mie / Rayleigh backscattering
radiation from atmospheric molecules and aerosol particles, providing data products related to optical,
microphysical and geometrical properties. The system is part of the European Aerosol Research Lidar
Network (EARLINET) as an advanced Lidar station. The output parameters are the backscatter
coefficient, the extinction coefficient, water vapor mixing ratio (for 407 nm), particle depolarization ratio
(for 532 nm). Advanced products have been dedicated to aerosol typing, microphysical inversion and
aerosol mass concentration retrievals.

Figure 92: The multi-wavelength Raman lidar RALI a) instrument b) night measurements
at RADO

Schedule

Table 20: Multi-wavelength Raman lidar schedule during AROMAT2
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The schedule for the Raman lidar measurements is presented in Table 20. During the first week of the
campaign, the weather conditions did not allow lidar measurements to be performed. During the
second week of AROMAT2, the measurements show a better coverage of the schedule. On 30.08.2015,
parallel CALIPSO-CALIOP measurements were performed.

Table 21: Calipso overpass for Magurele and Turceni during AROMAT2

Data products
The main data products provided by the multi-wavelength Raman lidar are the extinction profiles and
the AOD for three wavelengths: 355, 532, 1064nm. For daytime measurements, the extinction profile is
retrieved from the backscatter by using an assumed lidar ratio (LR) based on the aerosol type estimation
within the profile. For nighttime measurements, the extinction profile for 532 and 355nm is retrieved
directly from the Raman channels.
The second product used within the AROMAT is the PBL (Planetary Boundary Layer) height. The
instrument is capable to retrieve the PBL height evolution. This is achieved by using the second and third
derivative of the backscatter profile. This product is retrieved with respect to the aerosol load and could
be biased with respect to values retrieved using other methods (Seibert et al. (2000), Seidel et al.
(2012)).
Examples:

Figure 93: Preliminary PBL height retrieved using the Raman lidar in
Magurele
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Figure 94: Range Corrected Signal (RCS)Time Series for RALI

Data integration - in the context of satellite validation
The products provided by the lidar systems are used as input for corrections needed for retrievals
performed by other remote sensing groups within the AROMAT consortium (mainly passive remote
sensing). The lidar products are compared with integrated column AOD measurements from sun
photometer, lunar photometer and CALIPSO-CALIOP data if any available.
Notes on uncertainties, calibration and other known issues
Limitations:
Lidar measurements are not usable in the presence of clouds with altitudes lower than 4km. Fog and
precipitation is also a major constrain for lidar measurements. During these periods, lidar measurements
cannot be performed.
Calibration and quality assurance:
The multi-wavelength Raman depolarization Lidar is part of the European Aerosol Research Lidar
Network (EARLINET) and complies to all quality assurance procedures available at the network level.
During the last years, a considerable amount of effort was dedicated to assure the quality of the lidar
products within the EARLINET network.
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Uncertainties:
The uncertainties related to the backscatter profiles are mainly the result of the assumptions required to
perform the Klett inversions (especially during daytime) ((Nemuc et al., 2013; Kovalev and Eichinger,
2004).
According to (Freudenthaler et al., 2009), the backscatter coefficient is derived from the total signal
using Fernald-Klett inversion, for which a calibration value at a reference range is needed. The range
dependent lidar ratio is also needed for this inversion. E.g., for the daytime measurements performed
using the RALI lidar system we used a 20% uncertainty for the calibration value and 10 sr for the lidar
ratio (which was usually considered to be 55 sr if no additional aerosol type data is assumed). Although
the statistical noise is usually small compared with the systematic, the error introduced by the noise can
add up during daytime measurements, when the background light is high. For data provided during the
AROMAT2 campaign, the uncertainties related to these errors are added to the total systematic error.
References:
[RD-18 Ansmann et al., RD-19 Measures R.M., RD-20 Nemuc et al., RD-21 Nicolae et al.]
Data format
The data is provided in ASCII format. All data is accompanied by data plots: quick looks files presented as
time series of the Lidar backscattered profiles. The quick looks data is the temporal variation of aerosol
layering for different wavelengths, providing information about the dynamics of aerosol layers in the
troposphere. The maximum height of the data is given by the signal SNR. For RALI (the multi wavelength
Raman Depolarization Lidar), the height of the profiles can reach 12km. The provided data contains:
filenames:
SSyymmddhhmm.Ywwww
SS - station name
yy - year
mm - month
dd - day
hh - hour
mm - minute
Y - data type: b - backscatter, e - extinction
wwww - wavelength
The backscatter files contain:
Altitude(m)
BackscatterCoefficient(1/(m*sr))
BackscatterCoefficientError(1/(m*sr))
ExtinctionCoefficient(1/(m))
- extinction from the backscatter, assuming a certain lidar ratio
ExtinctionCoefficientError(1/(m))
LidarRatio(sr) - lidar ratio
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LidarRatioError(sr)
The extinction files contain:
Altitude(m)
BackscatterCoefficient(1/(m*sr))
BackscatterCoefficientError(1/(m*sr))
ExtinctionCoefficient(1/(m))
- measured extinction from the Raman channels
ExtinctionCoefficientError(1/(m))
LidarRatio(sr) - retrieved lidar ratio from backscatter and extinction profiles
LidarRatioError(sr)
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g) UV scanning depolarization Lidar -MILI (INOE)
Introduction
The UV depolarization eye-safe Lidar system detects Mie/Rayleigh backscattering from atmospheric
molecules and aerosol particles.
The laser emission wavelength is UV 355 nm (20mJ) and the detection channels are 355 cross and 355
parallel. The laser pulse duration is 3-6 ns (at 1064 nm), repetition rate 20Hz, and the beam diameter
between 3-5 mm at FWHM. The dynamic range covers 1-5 km, depending on atmosphere transmission,
with 7.5 m spatial resolution. The reception has a 200mm Cassegrain telescope, and the system
acquisition is analog and photon counting, with 20 MS/s analog sampling rate and 250 MHz photon
counting count rate.

Figure 95: The UV scanning lidar MILI a) day time vertical b) night time scanning in Turceni

Schedule

Table 22: Scanning lidar schedule during AROMAT2
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Data products
The output parameters are the backscatter coefficient and the particle depolarization ratio (for 355 nm)
and the extinction profile for an assumed LR. The system is able to provide the PBL height during vertical
and scanning mode measurements.
Data integration - in the context of satellite validation
The products provided by the lidar systems are used as input for corrections needed for retrievals
performed by other remote sensing groups within the AROMAT consortium (mainly passive remote
sensing). The lidar products are compared with integrated column AOD measurements from sun
photometer, lunar photometer and CALIPSO-CALIOP data if any available.
Notes on uncertainties, calibration and other known issues
Limitations:
Lidar measurements are not usable in the presence of clouds with altitudes lower than 4km. Fog and
precipitation is also a major constrain for lidar measurements. During these periods, lidar measurements
cannot be performed. Due to the small diameter telescope, the daytime backscatter profiles do not
exceed 10km.
Calibration and quality assurance:
The UV scanning lidar system is regularly compared to the reference Raman lidar RALI for product intercomparisons and data validation.
Uncertainties:
The uncertainties related to the backscatter profiles are mainly the result of the assumptions required to
perform the Klett inversions (especially during daytime) ((Nemuc et al., 2013; Kovalev and Eichinger,
2004).
Data format
The data format is similar to the format of the Raman lidar system RALI for daytime measurements.
filenames:
SSyymmddhhmm.Ywwww
SS - station name
yy - year
mm - month
dd - day
hh - hour
mm - minute
Y - data type: b - backscatter, e - extinction
wwww - wavelength 355nm
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The backscatter files contain:
Altitude(m)
BackscatterCoefficient(1/(m*sr))
BackscatterCoefficientError(1/(m*sr))
ExtinctionCoefficient(1/(m))
- extinction from the backscatter, assuming a certain lidar ratio
ExtinctionCoefficientError(1/(m))
LidarRatio(sr) - lidar ratio
LidarRatioError(sr)
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6. GROUND BASED IN-SITU MEASUREMENTS
a) In-situ Gas analyzers (INOE)
Introduction
In-situ ambient monitors measure gas concentrations using well-known reference detection methods
such as the cross-flow modulated semi decompression chemo-luminescence method (for NOx monitor),
UV fluorescence (SO2 monitor), non-dispersion cross modulation infrared analysis method (CO monitor),
ultraviolet absorption method (O3 monitor), cross-flow modulated selective combustion type method
combined with a hydrogen ion detection method (THC monitor) and gas filter correlation spectroscopy
(CO2).
The instruments are housed on a mobile laboratory designed for field campaigns and inter-calibrations.
Schedule
The instruments performed continuous measurements during the entire period of AROMAT2 in Turceni.
Data products
The output results are average, integration values and rolling average concentration with an integrating
time of 3 minutes. [RD-22 Stefan et al.]
Examples:

Figure 96: SO2 concentration - raw data for the AROMAT2 Turceni phase
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Figure 97: NO2,x concentration - raw data for the AROMAT2 Turceni phase

Figure 98: O3 concentration - raw data for the AROMAT2 Turceni phase

Figure 99: CO concentration - raw data for the AROMAT2 Turceni phase

Figure 100: HC concentrations - raw data for the AROMAT2 Turceni phase

Data integration - in the context of satellite validation
The data is used for inter-calibrations and inter-compares with other in situ and radio-sonde in
AROMAT2.
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Notes on uncertainties, calibration and other known issues
Calibration:
The instruments are subject to periodic zero and span gas calibrations using reference cylinders with
known concentration values.
Uncertainties:
The uncertainties are linked to instrument limitations and response time.
Data format
filenames:
SSyymmddhhmm.txt
SS - station name
yy - year
mm - month
dd - day
hh - hour
mm - minute
The 30 min concentration files:
Time
- date and time (UTC)
MeasPt - not provided
temp
- not provided
O3
- concentration (ppb)
SO2
- concentration (ppb)
NO
- concentration (ppb)
NO2
- concentration (ppb)
NOx
- concentration (ppb)
CO
- concentration (ppm)
CH4
- concentration (ppm)
NMHC
- concentration (ppm)
THC
- concentration (ppm)
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7. AUXILIARY DATA
During the AROMAT2 campaign, auxiliary measurements have been conducted, measuring not the
AROMAT2 targeted aerosols and trace gases, but other geophysical constants like sun radiance, sky
radiance and weather conditions.

GROUND BASED MEASUREMENTS
a) Sun-lunar photometers (INOE)
Introduction
The system is part of the AERosol RObotic Network (AERONET) and is subject to periodic calibration
procedures. The AERONET-EUROPE Calibration & Maintenance Center is a multi-site European
infrastructure. AERONET is a ground-based standardized automatic sun/sky-photometer network
devoted to the characterization and monitoring of aerosol properties as well as water vapor water
content. To enable AERONET network expansion, alternative calibration centers have been developed in
Europe under the leadership of France, primarily by CNRS-LOA, Lille (PHOTONS national observatory) as
well as in Spain by GOA, Valladolid and AEMET (CSIC) at Izaña Observatory, Tenerife Island.

Figure 101: Sun-lunar photometer at INOE, Magurele
Data products
The Sun-photometer CE 318 automatic sun tracking photometer is capable of measuring sun and sky
radiance in order to derive total column water vapor, ozone and aerosols properties using a
combination of spectral filters and azimuth/zenith viewing. The direct sun measurements are made in
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eight spectral bands requiring approximately 10 seconds/channel: 340, 380, 440, 500, 670, 870, and
1020 nm. Optical depth is calculated from spectral extinction of direct beam radiation at each
wavelength based on the Beer-Bouguer Law. The processed data provide a wide number of parameters
and characteristics that are important for the comprehensive interpretation of the aerosol retrieval. The
output includes both retrieved aerosol parameters (i.e., size distribution, complex refractive index and
partition of spherical/non-spherical particles) and calculated on the basis of the retrieved aerosol
properties (e.g. phase function, single scattering albedo-SSA, Angstrom exponent, spectral and broadband fluxes, etc.). Accurate retrievals of SSA (with accuracies reaching 0.03) can be obtained for high
aerosol loadings and for solar zenith angles >50 degrees. The volume particle size distribution dV(r)/dlnr
(μm3/μm2) is retrieved in 22 logarithmically equidistant bins in the range of sizes 0.05μm ≤ r ≤ 15 μm.
The instrument is part of the Aerosol Robotic Network (AERONET).
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b) Atmospheric parameters (INOE)
Atmospheric parameters were collected during the entire period of AROMAT2 for both the Bucharest
and Turceni phases. Calibrated parameters like ground temperature, pressure, relative humidity, wind
speed, wind direction are available.

AIRBORNE MEASUREMENTS
c) GPS
BN2:
During all flights performed around the Bucharest metropolitan area a Garmin GPS was installed on
board of the BN2 aircraft. The flight paths are presented in the following figures.
Day: 27.08.2015

Figure 102: Flight path vs. altitude followed during flight performed in 27.08.2015
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Day: 28.08.2015

Figure 103: Flight path vs. altitude followed during flight performed in 28.08.2015

Day: 30.08.2015

Figure 104: Flight path vs. altitude followed during first flight performed in 30.08.2015
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Figure 105: Flight path vs. altitude followed during second flight performed in 30.08.2015

Day: 31.08.2015

Figure 106: Flight path vs. altitude followed during first flight performed in 31.08.2015
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Figure 107: Flight path vs. altitude followed during second flight performed in 31.08.2015
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8. INSTRUMENT LAYOUT WITHIN AROMAT2 - OVERVIEW
Bucharest –BN2 flight strategy
During AROMAT-2 campaign two flight strategies were followed, each one of them comprising several
stages, as it can be noticed from the flight paths previously presented.
Strategy I
After the take-off from Strejnicu aerodrome (approx. 66 km North of Bucharest), the aircraft was
directed to Bucharest metropolitan area - Baneasa Airport, were an approach was done. An over flight
around metropolitan area on NE-SV direction was then performed. The research area was established
around Clinceni (20 km West of Bucharest) by taking into consideration the pollutants airflow and the
location of ground-based remote sensing instruments. At the end of the 2 vertical soundings, the aircraft
refueled at Baneasa Airport and then was directed to Strejnicu aerodrome where it landed.

Strategy II
After the take-off from Strejnicu aerodrome, the aircraft performed 2 sounding around Baneasa Airport.
After completing the soundings, the path followed was directed North-East →South →South-West
around Bucharest metropolitan area. Then 2 vertical soundings were performed around Clinceni area. At
the end of the soundings, the aircraft followed a back-path and landed at Baneasa Airport to refuel, and
take-off in Strejnicu direction, as final destination.

Bucharest –Cessna flight strategy
The AROMAT-2 campaign aimed to prepare the cal / val campaign for the S5P-validation. In order to
examine the expected NO2 columns above Bucharest in terms of satellite validation, at least a few
satellite pixels should be covered by the mappings of NO2 by AirMAP.
The Cessna allows for a maximum flight time of approx. 3.5 hours including ascent and descent. The
flight time, together with the flight altitude and AirMAP’ field of view, determines the area that can be
covered during a research flight.
During AROMAT-2 we tried to use the ascents and descents of the aircraft for measurements of the
aerosol profile with the FUBISS-ASA instrument.
When the aircraft was at its planned altitude of 3400 m the mapping pattern above Bucharest started,
which consisted of 4 flight legs above the city center, covering an area of 10 x 24 km2. The pattern was
repeated 3 times, always starting at the same location. The intention of this flight strategy was to have
multiple overpasses above the same locations in a similar observation geometry with a constant
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temporal offset between the co-located measurements. This setup allows the systematic investigation
of the short-term variability of the NO2 field.
The same flight pattern was performed during flights in the morning and in the afternoon to investigate
the diurnal variability.
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Maps with instruments layout:

Figure 108: ground based fixed instruments in Turceni during AROMAT2

Figure 109: ground based fixed instruments near Bucharest during AROMAT2
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Figure 110: BN2 flight path corresponding to strategy I (30.08.2015)

Figure 111: BN2 flight path corresponding for strategy II (31.08.2015)
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Figure 112: Cessna flight path for AROMAT 2: over Romania and Germany

Figure 113: Cessna flight path for AROMAT 2: over Romania
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9. CONCLUSIONS AND RECOMMENDATIONS
Compared to the first AROMAT campaign (also a success), the second campaign gave the participants
the opportunity:







to perform airborne measurements in longer flight patterns
to investigate temporal variability of NO2 above Bucharest
to improve the collection of the data following a more complex measurement schedule,
optimizing the time overlap between different techniques, and focusing more on satellite
validation (including the convoy aspect)
to test and use new instruments to measure additional trace gases of interest for Sentinels
validation
to organize exploratory experiments, such as the plume tomography with UV cameras

Several “golden days” were identified during AROMAT 2, based on the time overlap of the
measurements. During these days, a high number of datasets were collected, both from ground and
from the air. The value of this data is not only in the parameters directly measured, but also in the
synergies that can be further exploited. For example, it was pointed that the extinction profile from lidar
will bring added value to AirMap, SWING and ground based DOAS measurements. Increasing the
number of co-located airborne and ground based measurements of DOAS-systems, will help to develop
a consistent retrieval of vertical column densities between the airborne and ground-based DOASsystem, from which an added value in terms of satellite validation can be expected. The flight strategy of
the Cessna aircraft during AROMAT-2 with 2 flights per day enabled the successful observation of the
spatio-temporal variability of the NO2 field above Buchastest. A common data availability table is
provided at the end of the document. The excel format of the table will serve as support and give an
overall view of the instruments, platforms and data products for further more complex data analysis
scenarios.
The second AROMAT campaign brought new instruments and measurement techniques like the UV NO2
cameras, used to perform a 3D mapping of the plume emitted by the Turceni power plant. In parallel,
the UV depolarization lidar was used to perform a mapping of the plume in order to add information
related to the aerosol content emitted by the power plant. Quantification of the 3D distribution of trace
gases and aerosols emitted by the Turceni power plant measured by using passive SO2 cameras and lidar
was a success. These type of 3D scanning experiments can be further organized to assess how the
collected data can be used in further Cal/Val activities.
New passive remote sensing and airborne in-situ instruments were tested during AROMAT2. The BIRA
SO2 camera is generally used to measure SO2 gas emissions from volcanoes and industry. In AROMAT2, it
was operated from the FUB Cessna, pointing to nadir in coincidence with the AirMAP (UV setup) and
SWING instruments, during the flight above the Turceni power plant. This was the first application of an
SO2 camera onboard an airborne platform. While AirMAP and SWING showed good agreement in the
detection of the SO2 plume above the Turceni power plant, the retrieval of SO2 from the SO2 camera was
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not straightforward. Further investigations are needed in order to successfully operate an SO2 camera
from an aircraft in nadir geometry. The airborne ULM DOAS from UGAL performed measurements above
Turceni from a dedicated airborne platform in nadir geometry. The BIRA ALTIUS VIS passive camera was
used to retrieve the NO2 slant column densities (SCD) and emission fluxes from the ground. A new
airborne platform was used by INCAS to accommodate the PICARRO, NEPHELOMETER and CAPS
instruments.
Lessons learned:
One important lesson learned is that early planning of airborne measurements is mandatory to avoid
dead-times and delays, as well as to synchronize measurements from the ground, leading ultimately to
an increase of the data quantity, and fostering more synergies. Our recommendation is to organize a
preliminary meeting with the civil aviation authority (CAA) long before the actual campaign (e.g. for
AROMAT2 campaign, the first CAA meeting should have been planned during the preparatory meeting
in May). For this, the participants, platforms, instruments and flight plans should be early identified and
discussed between the participants.
Another aspect that should be optimized in a future campaign are the communication lines. With three
observation sites (Bucharest, Turceni and Craiova) and a large number of participants, AROMAT2 faced
difficulties in synchronizing the airborne and ground-based observations. Our suggestion is to have one
person as main communication node, and one responsible for each measurement site. The information
should flow both ways, so that the “node” is always up-to-date regarding the activities at each site. He
should be in charge of selecting the information to be distributed further to other sites, and to make
decisions if necessary. Since this job can be quite time consuming, especially during the time of the
measurements, the main communication node should not have no responsibility to operate an
instrument.
One particular asset of the two AROMAT campaigns is the experience gained by the Romanian groups
(and not only) during the organization and implementation activities. Starting from the logistics, flight
permits, consolidation of the teams, installation and operation of the instruments, sharing the data,
looking for synergies and summarizing the scientific findings, this was a continuous learning process to
build the required experience for the Cal/Val activities. Although each group in the AROMAT consortium
has a consolidated experience in specific areas, one of the challenges of these campaigns was to use this
experience to retrieve new data products from synergetic analysis and to use these products to test the
newly developed airborne sensors, evaluating their capabilities as validation tools for future air quality
space borne missions. This analysis is still undergoing.
All data provided within AROMAT 2 should be followed by a complete error analysis to fully assess the
quality of the data products.
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Table 23: data availability table
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Annex 1: Data acquisition report for the 2016 AROMAT campaigns
(AROMAT-2016 and AROMAPEX)
1. Introduction
The AROMAT 2 campaign covered extended in-situ and remote sensing instruments (active and passive,
ground based and airborne) to test the newly developed airborne sensors and assess the feasibility of an
intensive S5P Cal/Val campaign in Romania, after the launch of the mission. Even if the campaign was a
success, part of the instrumentation was not 100% operational throughout the entire campaign. Part of
the scientific objectives and the scheduled flight hours were not finalized.
1) The INCAS BN-2 did not perform all scheduled flight hours within AROMAT2. During the campaign,
the plane was equipped with in-situ instrumentation for aerosol and trace gases. The plane was
scheduled to operate a total of 20 flight hours around Bucharest. The first 10 flight hours had led to
interesting results for all onboard instrumentation (NO2 sonde, CAPS, PICARRO and nephelometer) but
10 more flight hours had already been planned.
2) The NO2 mappings using the AirMap (onboard FUB Cessna) and APEX (onboard DLR Do-228) imaging
instruments had not been performed. This last experiment was partly funded through a EUFAR proposal,
namely AROMAPEX.
The BN-2 additional flight hours could have been easily executed around Bucharest even after the time
span of the campaign. The BN-2 was based in Bucharest, its instruments (beside the KNMI NO2 sonde)
were (relatively) automatized and thus required a limited number of onboard operators. Ground-based
observations were possible from the INOE observatory in Magurele and from the Mobile DOAS
instrument operated by Uni. Galati. It was decided that the remaining 10 flight hours with the INCAS BN2 will be used in one additional AROMAT2 campaign above Bucharest.
The AirMAP/APEX inter-comparison was much more difficult to be organized in Romania as additional
flights to the AROMAT-2015 since the two planes were based in Germany. In addition to the costs of the
transit flight hours (which would have doubled for the Cessna in case of a second Romanian campaign),
another difficulty was the flight authorization for the Do-228. Despite many efforts before and during
the campaign, in particular from the INCAS colleagues, an agreement could not be reached between the
Romanian CAA and DLR to use the Do-228 above Romania for scientific purposes.
It was therefore decided to make use of the remaining flight hours in 2016, but in two separate airborne
campaigns: the BN-2 would fly above Bucharest (AROMAT-2016), while the Cessna and the Do-228
would fly above Berlin (AROMAPEX).
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AROMAT-2016 above Bucharest (30.05-01.06.2016)
The remaining BN-2 flight hours were performed in the framework of a campaign coordinated by INOE
which took place on May 30 and June 1, 2016. The instrumental set-up on the BN-2 was similar to the
one deployed in AROMAT-2015 (the NO2 sonde was not operated in AROMAT-2016). The set-up
included a PICARRO gas analyzer (CO, CO2, CH4, H2O vmr), the CAPS (NO2 vmr) and an aerosol particle
sizer. The flight patterns consisted:
a) in flying in parallel lines around the INOE observatory in Magurele at different altitudes (300, 500,
1000m altitude)
b) in performing vertical sounding around the area (0 to 3km altitude) - see Fig A1.a and Fig A1.b.

Figure A 1: Flight patterns a) parallel lines around INOE observatory in Magurele; b)
vertical sounding around Magurele

The ground-based instrumental set-up was also similar with AROMAT-2015 (lidar instruments, lunar and
sun photometer, gas analyzers, Mobile-DOAS), but it included a newly installed instrument at INOE: the
PANDORA-2S, a MAX-DOAS system which would in particular give the NO2 tropospheric column.
Both of these additional campaigns were successful in terms of getting appropriate flight approvals and
measurement quality. The following sections describe the additional instruments that were used in the
2016 campaigns compared to AROMAT-2015, as well as the measurements schedules and sample
results.
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AROMAPEX above Berlin (10.04-22.04.2016)
Berlin was chosen as a geophysical target for the AROMAPEX experiment for several reasons: a) it is a
large city with a clear NO2 signal which had already been sampled by AirMAP in 2014 and 2015 in the
context of AROMAT funded flights, b) it is also the base of the FUB Cessna (at Schönhagen airport),
which greatly facilitated both the campaign logistics and the flight approval negotiations, and c) the
atmospheric instruments at FUB provided useful ancillary measurements.
After discussion with EUFAR, it was possible to change the target area of the AROMAPEX project
providing that the scientific objective remained similar and that Romanian partners remained in the
project. ESA also accepted to support additional flight hours with the Cessna and provided funding for
the ground teams. As for the previous AROMAT campaigns in Romania, other groups decided to join the
project on their own costs. A static Max-DOAS was installed at FUB by Uni. Heidelberg, NO2 sondes were
operated from the ground by TU Delft and one of them was integrated in the Cessna by KNMI, and
TNO/KNMI installed an additional imager, TROPOLITE, onboard the Cessna.
The AROMAPEX data acquisition took place between 10 and 22 April 2016. Its primary scientific
objectives built on the AROMAPEX EUFAR proposal was the airborne atmospheric imagers intercomparison, by adding two instruments (SWING and TROPOLITE) to the available systems mentioned in
the proposal.
The golden day of the campaign occurred on April 21 when the two aircraft could fly simultaneously
above the city, at 3 km (Cessna) and 6 km (Do-228) altitude. Beside the four airborne imagers onboard
the two aircraft, ground-based measurements were also performed in particular from 3 Mobile-DOAS
(MPIC, UGAL, BIRA). Static MAX-DOAS (Uni. Heidelberg and MPIC), and Zenith only (Uni. Bremen)
observations from the roof at the University of Berlin were also available. Several atmospheric
instruments were continuously operating during the campaign (ceilometer, sunphotometer). Note that
the campaign data analysis also benefits from reconstructed temperatures and wind directions from
aircraft transponders (developed at FUB), and from the Berlin Air Quality monitoring network.
During AROMAPEX, the FUB Cessna was based at Schönhagen airport, the DLR Do-228 took off from
Oberpfaffenhofen with a landing and refuel between the two flights in Schönhagen.
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2. Instrument layout within the two campaigns
AROMAT-2016
The AROMAT -2016 campaign objectives were:





To identify relevant local sources of NO2 and aerosols;
To inter-compare various techniques (e.g. CAPS, Pandora and Max-DOAS);
To investigate the intra-pixel variability of NO2 in reference to future observations from Sentinel-5P;
To explore synergies between the different techniques (e.g. airborne APS and aerosol LiDAR for
aerosol typing, Pandora, Max-DOAS and LiDAR for the improvement of NO2 retrievals as well as for
the development of the aerosol retrieval from Pandora);

The target area of the AROMAT-2016 campaign during May-June 2016 was situated above the
observational site RADO-INOE in Magurele near Bucharest. The observation area was selected to overimpose over the 7 x 7 km pixel of NO2 observations in reference to current and future satellite
observations. Figure A 2 shows the rectangular area (7x14 km) used for the campaign. The area
coordinates can be seen in Table A24.

Figure A 2: Observation area of AROMAT-2016 campaign

No. of Point
P1
P2
P3
P4

Latitude
Longitude
44°22'50.18"N 26°00'5.61"E
44°22'46.02"N 26°04'51.65"E
44°19'48.86"N 26°04'50.19"E
44°19'52.94"N 26°00'07.03"E

Table A24: Borders of the observation area located near INOE/RADO
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Bucharest –BN2 flight strategy
Taking into account the objectives of this campaign, the flight strategies performed during AROMAT2016 campaign are presented below.
Strategy I
After take-off from Strejnicu aerodrome (Prahova county), the BN2 aircraft will have a North-WestSouth course around Bucharest Metropolitan Area (line 1 of Figure A 3), directing to the South-Western
Bucharest, were the observation area - see border points P1, P2, P3, P4 (Table A24): BragadiruMăgurele. After performing the sounding (at three different altitude levels: 300, 500 and 1000m), the
aircraft will return to Strejnicu aerodrome (line 2 of Figure A 3).
Taking into consideration the meteorological conditions of the research area, 10 flight steps will be
performed in the direction of the first observation cone (a) formed by PANDORA in order to avoid any
obstructions due to topography.

Figure A 3: Proposed flight path corresponding to flight strategy I

Strategy II
The second flight strategy of the campaign consisted in a vertical sounding performed around the
ground based Pandora instrument, in the center of the observation area. After take-off from Strejnicu
aerodrome (Prahova county), the BN2 aircraft has a similar flight pattern as the one described in
Strategy I (Figure A 4 ). Considering the meteorological conditions, a spiral shape vertical sounding
(ascending from 300 up to 2500 m and descending from 2500 m up to 300m) will be performed in the
direction of the observation cones (a, b, c) formed by PANDORA in order to avoid any obstructions due
to topography.
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Figure A 4: Proposed flight path corresponding to flight strategy II

AROMAPEX
The main purpose of the campaign was the comparison of the two airborne imaging DOAS instruments
APEX and AirMAP. The flight pattern aimed at providing a gapless map of the NO2 field above Berlin. The
flight altitudes were chosen in such a way, that the APEX and AirMAP instruments exhibit approximately
the same ground swath. To allow a consistent comparison, the temporal delay between the
measurements from the two instruments was kept as short as possible. Parallel tracks were flown in
North-South direction, starting the first flight line in the West. Figure A 5 displays the tracks flown by the
FUB Aircraft.
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Figure A 5: Flight tracks flown by the FUB Aircraft
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3. Platforms
AROMAT-2016
BN-2 (INCAS)
See description on page 17

AROMAPEX
Cessna (FUB)
See description on page 18.
Dornier (DLR)
The twin-engine turboprop Dornier Do 228-212 (registration D-CFFU) is primarily used for remotesensing missions by the German Aerospace Center's (Deutsches Zentrum für Luft- und Raumfahrt; DLR)
Oberpfaffenhofen flight facility. It has a large box-shaped cabin and large cabin floor openings. This
makes it especially well suited for setting up special camera systems such as the High Resolution Stereo
Camera (HRSC), which is also used for space observation.
Digital sensors are installed as required. These sensors deliver optical remote-sensing data in the
infrared spectrum in high resolution. The so-called multi- and hyperspectral sensors were developed by
the German Aerospace Center in cooperation with its partners
(http://www.dlr.de/dlr/en/desktopdefault.aspx/tabid-10203/339_read-272#/gallery/124).
Mobile DOAS platforms (UGAL – BIRA - MPIC)
See description on page 21.
Stationary measurements at FUB rooftop
The stationary measurements were performed in the rooftop of the Institute for Space Sciences of the
Freie Universität Berlin. The building is located at 52.458°N, 13.311°E. In addition to the measurements
performed in the context of the AROMAPEX campaign, several meteorological parameters are measured
routinely at this location.
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4. AROMAT-2016 airborne measurements
a) Aerodynamic particle sizer (INOE) – in-situ
Short description
The instrument was installed onboard the INCAS BN2 aircraft for airborne in-situ measurements around
the city. Since the instrument is already described in the main DAR, additional data is redundant. The
APS measurements took place over a three day time period on four flight sets.
Please find additional details on page 22
Schedule

Table A1: APS schedule during AROMAT-2016

Data products

Figure A 6: APS flight tracks for 31.05.2016 and 01.06.2016: a) 31.05.2016: Lower graph shows the elevation profile for the three
levels flight track: 300, 500, 1100m. The average concentration values for the three altitudes are similar. The higher section of the
plot shows the airplane flight track over Magurele – the plane flew on longitudinal paths covering a 7 x 14 km section for the three
altitudes b) 01.06.2016 flight 2: The elevation profile shows continuous ascent and descent of the airplane over Magurele. The
average concentration values show a well mixed Boundary Layer. The descending and ascending spiral shape flight track show
similar values up to 2500m.
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Figure A 7:: APS number concentration- 01.06.2016 – flight 1. The
number concentration values show similarities for all heights (300m,
500m, 1100m). The concentration distribution show scares values for
lower altitudes, up to two times higher than for the high altitudes.

Ground level – Strejnic Airport

300 m

500 m

1000m

Figure A 8: APS sample size distribution for different heights – 01.06.2016 - flight 1.

Notes on uncertainties, calibration and other known issues
The integration time for the APS was 1 minute since the instrument does not allow lower integration
values. A detailed analysis correlated with the position of the airplane is required to properly use the
data.
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b) Picarro Gas Analyzer (INCAS) – in-situ
Please find additional details on page 36

Schedule
During AROMAT-2016 campaign the instrument performed measurements during 4 flights. The
overview of the flights is summed in Table A2

Table A2: Picarro schedule during AROMAT-2016

Data products
The main results obtained during AROMAT-2016 campaign are presented in following figures. The
gradient values of greenhouse gases during measurements were:
 H2O: 1.13 – 1.98 ppm
 CO: 0.106 – 0.235 ppm
 CO2: 374.09 – 413.4 ppm
 CH4: 1.902 – 2.924 ppm
In order to identify the relevant sources of NO2 and aerosols and to investigate the intra-pixel variability
of NO2 in reference to future observations from Sentinel-5P, the flight strategy was adapted and
included 10 flight legs performed above observation area at three altitude levels: 300, 500 and 1000 m.
Data samples
Day: 30.05.2016 - test flight
UTC Time 07:22 – 08:48 UTC (1h 26min)
Flight strategy: several flight legs at three altitude levels (341m, 533 m, 994m)
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Figure A 9: Measured concentration of CH4, CO2, CO and water vapor recorded at 341m altitude during flight - 30.05.2016

146

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

Figure A 10: Measured concentration of CH4, CO2, CO and water vapor recorded at 533 m altitude during flight - 30.05.2016
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Figure A 11: Measured concentration of CH4, CO2, CO and water vapor recorded at 994 m altitude during flight - 30.05.2016
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c) CAPS (BIRA-IASB) – in-situ
Please find additional details on page 50
Schedule

Table A3: CAPS schedule during AROMAT-2016

Data products

Figure A 12: CAPS measurements from the BN-2 during the second flight of 1 June
2016
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5. AROMAT-2016 ground-based instruments
a) Pandora 2S (INOE) – remote sensing
Introduction
The Pandora – 2S system is capable of measuring the O3 and NO2 vertical column concentrations in
Dobson Units (1 DU ≈ 2.7 × 1016 molecules cm-2). The system has two spectrometers, first ranging from
290 nm to 500 nm with a 0.6 nm resolution and the second one with a range from 400 nm to 900 nm
with a resolution of 1 nm. With a field of view of 1.50 , an elevation range from -100 to +900 and azimuth
range of 3600, the system is capable of pointing anywhere in the sky in order to perform direct sun,
zenith sky, principal plane, or almucantar observations. Complimentary control software allows
automated measurements and virtual monitoring and data transfer over the internet.
The instrument was installed on the rooftop of RADO (INOE) with a clear path towards the city
(Bucharest).

Schedule

Table A4: Pandora 2S schedule during AROMAT-2016

Data products

Figure A 13: Pandora - 2S on the rooftop of INOE

The output parameters are the concentrations (in Dobson units) of different trace gases, like O3, NO2,
O2O2, SO2, CH4, etc. but the products validated for this system are only the NO2 and the O3
concentrations.
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Data integration – in the context of satellite validation
The products provided by the Pandora – 2S system are compared with the similar products from the
satellite data, the NO2 and O3 concentrations provided by the Ozone Monitoring Instrument, AURA
mission.
Data samples

Figure A 14: Pandora - 2S measurement [DU]

Notes on uncertainties, calibration and other known issues
Limitations:
Pandora – 2S observation cannot be usable in the presence of clouds, because of their high albedo.
Uncertainties during cloudy sky and precipitation are large.
Calibration and quality assurance:
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Regularly sun calibrations are made automatically during Pandora – 2S operation. Also, manual
correction for the sun searches are made at a frequency determined by the principal investigator of the
system.
Uncertainties:
Main uncertainties of the gas concentrations come from the temperature – dependent cross sections of
the measured species (A.M. Bass and R.J. Paur, 1985, Burrows, et.al., 1999), from the Ring spectrum fit
or from applying different corrections (dark, non-linearity, latency, temperature, stray light).
Data format
The data format is a text file having the following name and format:
Filename: ssNN_LLLL_yymmdd_GG_FF.txt
where:
- ss → system (eg. Pandora)
- NN → system number (eg. 111)
- LLLL → short location name (eg. INOE)
- yymmdd → date (yy – year; mm – month; dd – day; eg. 20160606)
- GG → type of gas (eg. NO2)
- FF → fit window or the gas sources reference
The file contains a 23 lines header where are explained each and every column of the file.
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b) Zenith-Sky Mobile DOAS (UGAL-INOE) – remote sensing
Please find additional details on page 94
Schedule
The schedule for the CAR-DOAS observations is presented in Table A5. During the AROMAT-2 extension
campaign in Bucuresti the CAR-DOAS system was involved in measurements deployed around Magurele
city, nearby INOE office. The zenith-sky car-DOAS measurements were scheduled to overlap with the
airborne observations performed during the ECARS summer school in Bucuresti. During all of those
measurements the Mobile-DOAS system was working properly.

Table A5: Mobile DOAS schedule during AROMAT-2016

Data samples
Lower figures show the NO2 DSCD maps obtained from CAR-DOAS measurements on May 30, 31 and
June 1st 2016 performed around Magurele city, nearby INOE.

30.05.2016

31.05.2016

01.06.2016 – flight 1

01.06.2016 – flight 2
Figure A 15: Mobile DOAS: NO2 DSCD
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c) Sun-lunar photometer (INOE) – remote sensing
Please find additional details on page 121
Schedule

Table A6: Sun Photometer schedule during AROMAT-2016

Data samples

Figure A 16: Sun Lunar Photometer during AROMAT-2016. Angstrom and size distribution for 30.05.2016
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d) Multiwavelength Raman Lidar (INOE) – active remote sensing
Please find additional details on page 110
Schedule

Table A7: Raman Lidar schedule during AROMAT-2016

Data samples

Figure A 17: Raman Lidar during AROMAT-2016. Range Corrected Signal 1064nm (upper three plots) and Volume Linear
Depolarizatio 532nm (lower three plots) for 30.05.2016

155

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

Figure A 18: Raman Lidar during AROMAT-2016. Backscatter coefficient 532nm (left plot) and Linear Depolarizatio 532nm (right
plot) – volume and particle linear depolarization ratio for 30.05.2016
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e) UV depolarization lidar (INOE) – active remote sensing
Introduction
During AROMAT-2016, the UV depolarization lidar performed parallel measurements together with the
multi-wavelength Raman lidar. The complementary set of parameters (volume and particle linear
depolarization ratio for 355nm) will be a good addition for a further analysis performed for the
campaign.
Please find additional details on page 115
Schedule

Table A8: UV depolarization lidar schedule during AROMAT-2016

Data samples

Figure A 19: Raman Lidar during AROMAT-2016 Linear Depolarization 355nm morning and noon – for 30.05.2016
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f) Gas analyzers (INOE) – in-situ
Please find additional details on page 118
Schedule

Table A9: Gas analyzers schedule during AROMAT-2016

Data samples

Figure A 20: Gas analyzers during AROMAT-2016 - NO2 [ppb] , CH4 [ppm], CO [ppm] concentration - entire period
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g) Aethalometer (INOE) – in-situ
Introduction
The Aethalometer is an in-situ instrument for the real-time measurement of optically-absorbing ‘Black’
or ‘Elemental’ carbon aerosol particles. Th einstrument is designed to measure the concentration of
optically absorbing (‘black’) suspended particulates; commonly visualized as smoke or haze, often seen
in ambient air under polluted conditions (wiki). The instrument provides the black carbon and wood
carbon components, measuring in continuous automatic regime.

Figure A 21: AE33 Aethalometer for black carbon measurements

The Aethalometer was installed at the RADO (INOE) observatory and provided continuous data over the
entire period of the AROMAT-2016 campaign. The instrument is commonly used together with Aerosol
Mass Spectrometers for detailed analysis of aerosol aging and source apportionment.
Schedule

Table A10: Aethalometer schedule during AROMAPEX

Data samples

Figure A 22: Aethalometer data during AROMAT-2016 - black carbon and wood components -
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entire period

Notes on uncertainties, calibration and other known issues
Data processing for the instrument is still under development and information regarding the uncertainty
range and data format are scarce.
Known issues:
The instrument is using the dual spot technology for simultaneous analysis of light absorption by aerosol
deposits collected on 2 spots in parallel at different loading rates. Mathematical combination of data
yields Black Carbon result independent of ''spot loading effects'' and provides additional information
about aerosol composition. Still, the instrument needs high absorbtion rates to provide reliable
information in low carbon concentration conditions like pre-urban sites.
The integration time for this instrument must be extended (at least several minutes) which makes it
difficult to be used on fast mooving airborne platforms
Sensitivity:
Proportional to time-base and sample flow rate settings:approximately 0.03 μg/m3 @ 1 min, 5 LPM
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6. AROMAPEX airborne instruments
NOTE: The instruments: FUBISS-ASA2, AirMAP, SWING and Spectrolite were installed on the FUB
Aircraft. The APEX instrument was operated on the DLR Dornier aircraft.

a) FUBISS-ASA2 (FUB) – remote sensing
Please find additional details on page 62

Figure A 23: Installation of FUBISS-ASA in the Cessna

Schedule

Table A11: FUBISS schedule during AROMAPEX

Data products
The FUBISS-ASA2 provides the aerosol optical depth profile, Angstrom exponent profile and aerosol
extinction coefficient profile. Possible additional products: aerosol volume scattering function βa, aui,
aui slope.
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Data samples
2016-04-21 afternoon

Figure A 24: Flight tracks and flight altitude during the first flight on 2016-04-21

Figure A 25: AOD profile measured with FUBISS-ASA2

Figure A 26: AOD profile measured with FUBISS-ASA2 with quality flags set
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2016-04-21 afternoon

Figure A 27: Flight tracks and flight altitude during the second flight on 2016-04-21

Figure A 28: AOD profile measured with FUBISS-ASA2.

Figure A 29: AOD profile measured with FUBISS-ASA2 with quality flags set.
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Notes on uncertainties, calibration and other known issues
The way the instrument is installed on the aircraft, restricts the possible viewing direction. Thus only
measurements to the right of the flight direction can be performed. Because the instrument has to point
to the sun, measurements can only be performed under certain relative angles between flight direction
and solar position. The following figures show the flight patterns performed on the “golden day”.
Measurements were performed during the red parts of the flight line.
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b) AirMAP (IUP) – remote sensing
Please find additional details on page 68
Schedule

Table A12: AirMAP schedule during AROMAPEX

Data products

Figure A 30: NO2 VCD measured by AirMAP during AROMAPEX on 2016-04-21 during the morning flight. 14
flight legs were flown in North-South direction starting in the West.
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Figure A 31: NO2 VCD measured by AirMAP during AROMAPEX on 2016-04-21 during the afternoon flight.
16 flight legs were flown in North-South direction starting in the West.

Notes on uncertainties, calibration and other known issues
Stripy features that are visible during the morning flight in the across track direction were caused by an
opened ventilation valve in the aircraft. This led to thermal instabilities of AirMAP’s optical system.
To compute the vertical columns, the surface reflectance was derived from measured intensities using
an atmospheric correction that assumes an AOD of 0.2. Over dark surfaces, the surface reflectance is
probably underestimated, leading to a small biased AMF and consequently to high biased VCD in these
areas. These features are most pronounced over water bodies.
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c) SWING (BIRA) – remote sensing
Please find additional details on page 72
Schedule

Table A13: SWING schedule during AROMAPEX

Example of the data products

Figure A 32: Time series of the NO2 slant columns (upper panel) as measured with SWING and during
AROMAPEX on the morning flight of April 21 2016, and (lower panel) ratio of this column to the DOAS fit error,
indicating the signal to noise.
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Figure A 33: Map of superimposed SWING and BIRA Mobile DOAS vertical columns on April 21, 2016
during AROMAPEX.
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d) Spectrolite (formerly Tropolite) – remote sensing
Introduction
The Spectrolite instrument is a hyperspectral imaging spectrometer that is designed by TNO (Delft, NL)
as a low cost modular system for multiple applications (air quality, land use, water quality) and consists
of an all-reflective, off-axis optical design. In the year before the AROMAPEX campaign a breadboard
was developed and optimized initially for detection of NO2. It has a spectral range of 320-500nm and a
spectral resolution of below 0.5 nm.
Because of a very short preparation time before the campaign, an off the shelf telescope was used that
was directly available. This results in a rather narrow swath of 8.3 degrees width. It should be
emphasized that this particular telescope is not necessarily part of future versions of the Spectrolite
system. For a first analysis of Spectrolite observations the across track field of view was divided in 74
bins, resulting in ground pixels of approximately 5.9m width for an aircraft flying at 3km above the
ground. Spectra were recorded every 0.14s resulting in pixels of approximately 11m in length for an
aircraft flying at 300km/h). In order to obtain sufficient signal to noise ratios for NO2 retrievals, first tests
have been performed by adding 24 pixels in along track direction. These rather elongated pixels are
shown on the map below.
Schedule

Table A14: Spectrolite schedule during AROMAPEX

Data products
NO2 dSCD’s obtained on the two flights of 21 April 2016. Soon we will be able to present a first map
with NO2 VCD estimates and also surface reflectances can be provided.
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Data samples

Figure A 34: First map of NO2 dSCD’s measured with Spectrolite (Tropolite). The area that was used for
reference spectra is indicated on the left (West).

Figure A 35: NO2 dSCD as a function of along track scan number for three adjacent viewing directions (the left
most row and two more towards the center of the field of view).

Notes on uncertainties, calibration and other known issues
The map above is the result of a first analysis and many aspects may be further optimized. For instance:
ground locations of pixels are derived directly from information about aircraft altitude and instrument
field of view, but no investigations have been done so far to investigate possible need to apply a spatial
shift of the ground pixels. Different approaches to add spectra may be explored in the near future, for
instance order to obtain ground pixels with aspect ratios closer to one.
Currently (September 2016) studies are done to quantify the accuracy of the radiometric calibration
done in the lab. For this simulated radiances are compared to those measured during the flight of 21
April.
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Data format
Within the collaboration between TNO and TU-Delft this topic has not yet been addressed because of
time constraints. There are however no limitations foreseen to provide data in any convenient format
(e.g. NetCDF).
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e) APEX - Airborne Prism Experiment (BIRA) – remote sensing
Introduction
APEX is an airborne (dispersive push broom) imaging spectrometer developed by a Swiss-Belgian
consortium on behalf of ESA. It is intended as a simulator and a calibration and validation device for
spaceborne hyperspectral imagers. In unbinned spectral mode, APEX records data in more than 500
spectral bands in the wavelength range between 380 and 2500 nm and at a spatial ground resolution of
2 to 5 meters. The relative fine spectral resolution of APEX around the NO2 feature at 490 nm makes it
suitable for applications involving NO2 inference in the sensed area.
APEX has an across-track field of view of 28˚ and records data in 1000 across-track pixels. The spatial
resolution of the data depends on the flight altitude, the typical extent of one pixel varying between 2
and 5m (across-track). Spatial resampling is applied to the data (in the along-track direction) in order to
ensure square pixels.
APEX can be operated in two different spectral modes: binned and unbinned. In both cases, the SWIR
detector provides measurements in 199 spectral bands, while only the number of spectral channels of
the VNIR detector changes. In spectrally binned mode, APEX delivers measurements corresponding to
114 spectral bands, while in unbinned mode there are 334 channels covering the same range of
wavelengths (380-970nm). It is known that the signal-to-noise ratio is higher for the binned data, but
research problems requiring fine spectral resolution, such as the NO2 inference, benefit from the
unbinned spectral mode of APEX. Thus, during the AROMAPEX campaign, the instrument was operated
in unbinned mode.
Schedule

Table A15: APEX schedule during AROMAPEX

Data products
Two flights were performed in the framework of AROMAPEX project on 21/04/2016, the first one in the
morning (8:08-11:34, local time; 15 flightlines) and the second one in the afternoon (13:56-16:39, local
time; 14 flightlines). Both flights were performed at an altitude of about 6240 m ASL, resulting in a
spatial resolution of approximately 3.11m for the ground pixels. For each flightline, the following data
products were delivered:
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Non-georeferenced reflectance (425-600nm)
Dark current (DC) corrected datacubes (425-600nm)
Data geometry containing, for all pixels: spatial coordinates, elevation, solar Zenith angle,
illumination angle, view Zenith angle, solar Azimuth, view Azimuth, Euclidean distance between
observation point and target point, sky view factor
Flightline quicklooks (both georeferenced and non-georeferenced)
Time stamp per each scanline

The planned flight lines are shown in Figure A 36. 14 central flight lines were expanded with two extra
optional western and eastern flight lines. Depending on the wind direction the 2 optional lines
downwind would be flown to catch the plumes downwind.

Figure A 36: 14 flight lines planned on the same location as previously flown lines (left) with their
numbering (ID) plus 2 optional lines West and East of the area to catch the plume downwind, 18 lines in
total planned, Google Earth © view (right)

The VCD retrieval algorithm consists of the following main steps: (1) spatial aggregation of the observed
radiance spectra in order to increase the signal-to-noise ratio (SNR). After spatial binning the SNR is
increased to 2500, while the spatial resolution is reduced from 3 x 4 m 2 to 60 x 80 m2, (2) spectral
calibration based on a high resolution solar spectrum (370 - 600 nm), (3) DOAS analysis of the preprocessed spectra in the visible wavelength region (470 nm - 510 nm), (4) air mass factor calculations
based on the VLIDORT 2.6 radiative transfer model, accounting for albedo, aerosol and NO 2 profile
shapes and viewing and sun geometry, in order to convert the retrieved slant (DSCDs) to vertical
columns, and (5) georeferencing of the retrieved VCDs and mapping of the NO2 horizontal distribution in
a geographic information system (GIS).
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APEX Spectra geometry

Cube preprocessing
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Figure A 37: Flowchart of the APEX NO2 VCD retrieval algorithm (L0 to L2).

During the flight some screen shots of the internet site www.flightradar24.com were taken to give an
indication of the separation of the 2 aircrafts (Figure A 38 – afternoon flight). Right top of the
screenshots shows the UTC in www.flightradar24.com.
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Figure A 38: www.flightradar24.com screenshots during the flight with location of 2 aircrafts

Figure A 39 shows RGB mosaics of the flightlines acquired during the campaign (left – morning; right afternon). Note that the third flightline of the first dataset was skipped for a better synchronisation
between the aircrafts.

Figure A 39: Mosaics of the two datasets acquired over Berlin
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Jointly with the APEX flights, spectra of four ground targets (concrete, bricks, grass, asphalt) were
collected using an ASD spectrometer (see Figure A 40). These spectra were used as reference spectra for
the APEX reflectance obtained after atmospheric correction.

Figure A 40: Spectra of reference targets

Data products
For the flight lines of the D-CFFU with the APEX instrument following imaging times were registered.
ID
3
4
6
7
8
9
10
11
12
13
14
15
16
17
18

Imaging time (local)
9u34 - 9u39
9u44 - 9u49
9u55 - 10u00
10u07 - 10u11
10u19 - 10u24
10u30 - 10u35
10u41 - 10u46
10u52 - 10u56
11u01 - 11u05
11u11 - 11u15
11u21 - 11u25
11u30 - 11u34
11u39 - 11u43
11u48 - 11u52
11u57 - 12u01

Flight direction
S -> N
N -> S
S -> N
N -> S
S -> N
N -> S
S -> N
N -> S
S -> N
N -> S
S -> N
N -> S
S -> N
N -> S
S -> N

Table A16: Flight line capture times 21/04/2016 AM

ID
ID
3
4
5

Imaging time (local)
Imaging time (local)
14u24 - 14u29
14u35 - 14u39
14u45 - 14u50

Flight direction
Flight direction
S -> N
N -> S
S -> N
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N -> S
S -> N
N -> S
S -> N
N -> S
S -> N
N -> S
S -> N
N -> S
S -> N
N -> S

Table A17: Flight line capture times 21/04/2016 PM

The data set has been made available to the user through the APEX FTP-server. All data-cubes cover the
spectral region 425-600nm corresponding to 145 APEX spectral bands.
Account details have been provided to the user by e-mail.
The data set contains data of 29 flight lines that have been atmospherically and geometrically corrected.
The spectra have not been smoothed in order to keep the sensed atmospheric features unaffected. For
the same reason, no re-sampling to the wavelengths measured during the sensor spectral calibration on
the Calibration Home Base (CHB) was performed.
The delivered flight lines are:
M0152_BERLI_160421_a01 till M0152_BERLI_160421_a15 and
M0153_BERLI_160421_a01 till M0153_BERLI_160421_a01_a14.
The data is delivered in ENVI file format, i.e. pairs of *.img and *.hdr files. For each radiance/reflectance
cube, a corresponding RGB quicklook has been provided.
The table below provides the link between the flight and the actual file naming of the
radiance/reflectance cubes and corresponding quicklooks:
ID
ID
3
4
5
6
7
8
9
10
11
12

Imaging time (local)
Name
M0152_BERLI_160421_a01_R
M0152_BERLI_160421_a02_R
M0152_BERLI_160421_a03_R
M0152_BERLI_160421_a04_R
M0152_BERLI_160421_a05_R
M0152_BERLI_160421_a06_R
M0152_BERLI_160421_a07_R
M0152_BERLI_160421_a08_R
M0152_BERLI_160421_a09_R

Flight direction
M0153_BERLI_160421_a01_R
M0153_BERLI_160421_a02_R
M0153_BERLI_160421_a03_R
M0153_BERLI_160421_a04_R
M0153_BERLI_160421_a05_R
M0153_BERLI_160421_a06_R
M0153_BERLI_160421_a07_R
M0153_BERLI_160421_a08_R
M0153_BERLI_160421_a09_R
M0153_BERLI_160421_a10_R
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M0153_BERLI_160421_a11_R
M0153_BERLI_160421_a12_R
M0153_BERLI_160421_a13_R
M0153_BERLI_160421_a14_R

Table A18: data cubes file naming

Along with the reflectance cubes, the corresponding DC (dark current) corrected data were delivered in
a separate folder. The DC corrected cubes contain the raw digital numbers acquired by the sensor from
which the dark current values, measured during the flight, were subtracted. The file naming is similar to
the one in Table A18, where the termination “_R” is replaced by the termination “x_dccorr_cube000”.
In order to allow for proper georeferencing of the extracted information maps (NO2 distribution maps),
the complete geometry corresponding to each flightline was also delivered. The file naming is similar to
the one in Table A18, where the termination “_R” is replaced by the termination “c_v1_geometry”. The
data layers in the data geometry cubes are the following: X coordinate, Y coordinate, elevation, solar
zenith angle, illumination angle, view zenith angle, solar azimuth, view azimuth angle, Euclidean distance
between observation point and target point, sky view factor.
In addition, georeferenced data was delivered. The file naming is similar to the one indicated in Table 3,
in which the suffix “_geo” was added. The time stamp of each flightline was also uploaded to make the
direct comparison of the results easier.
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Data samples

Figure A 41: Quicklook of flightline 1 (morning flight;
georeferenced)

Figure A 42: Example of DC corrected spectrum (note NO2
feature around 490 nm)

Figure A 43: Retrieved NO2 VCD field for the Berlin morning flight (21/04/2016) and MobileDOAS data
(Google, TerraMetrics).

Notes on uncertainties, calibration and other known issues
The APEX radiometric, spectral, and geometric calibration is performed by means of calibration cubes
generated from data measured and collected at the APEX Calibration Home Base (CHB) hosted at DLR
Oberpfaffenhofen, Germany (Gege et al., 2009). The delivered data contain 145 spectral bands covering
the spectral region 425-600nm.
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APEX is known to have some smile effects, i.e. the central wavelength depends slightly on the column
pixel location. Furthermore, due to spectral instabilities of APEX caused by pressure and/or
temperature variations, an in-flight spectral wavelength shift analysis is performed on the basis of
atmospheric absorption features to reassign new central wavelengths to each pixel before atmospheric
correction.
For the delivered reflectance cubes, the ENVI header-file contains the wavelength of pixel 500, as
obtained after spectral shift correction. As no resampling to the CHB wavelengths was performed, slight
variations of the assigned wavelengths can be observed in different flightlines.
The atmospheric correction of the acquired APEX data is performed by the CDPC (Biesemans et al.)
with the MODTRAN4 radiative transfer code following the algorithms given in de Haan et al. (1991) and
de Haan and Kokke (1996) and taking into account the in-flight determined central wavelengths for each
pixel (column) (i.e. smile aware atmospheric correction).
The geometric correction is performed by ITO’s own developed C
georeferencing.

module and is based on direct

Input data from the sensor’s GPS/IMU, boresight correction data and the SRTM DTM are further used
during the geometric correction process.
The data are projected to the geographic coordinate system, wrt WGS84 ellipsoid.
Wires were placed on the entry slit to observe spatial shifts. In the delivered dataset wires are
interpolated during the processing. Depending on the geometric shifts apparent on the ﬂight level of
this data cube, some remaining wire residuals may exist. Some linear artifacts due to interpolation may
exist. The across track wire positions are: 335-337 and 675-677, the interpolated region currently
encompasses a buffer of 1 pixel around the wire positions. Pixels in the interpolated wire region should
be treated with caution.
Known issues
 Residual along track striping
APEX is a pushbroom instrument and hence technologically prone to striping artifacts. Most of the
striping is removed during radiometric calibration and destriping before atmospheric correction.
However, some residual striping, occasionally at lower spatial frequency may appear.


Residual across track striping

Some minimal across track striping may be observed in a limited number of bands.


Image crispness

Spatial misregistration correction can lead to loss of information and according visual fuzziness due to
spatial resampling.
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Radiometric artifacts

Some radiometric miscalibrations are known to exist in the spectral band region 1020nm ±2 bands and
spatial sample positions 319-324 as well as in the 1030nm region for all across-track positions. Pixels
contained within the above mentioned spatial-spectral regions have been corrected for these artefacts
but should be treated with care in this processing version. However, the data needed in the
AEROMAPEX project corresponds to a different spectral region and is not affected by the
aforementioned miscalibrations.


Directional effects

The data are known to exhibit spectro-directional effects which have not yet been corrected for. These
natural effects are known to affect information extraction routines in shaded and sloped areas of the
imaged scene.

Data format
The data were delivered in the following formats:
- Reflectance, DC corrected and geometry: ENVI format (.img with corresponding .hdr)
- Quicklooks: .png
- Time stamps: .csv and .xlsx
The final NO2 VCD product (L2) can be provided in netCDF, shapefile, ASCII or GeoTiff.
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7. AROMAPEX ground based instruments
a) Mobile DOAS (BIRA) – remote sensing
Please find additional details on page 84
Schedule

Table A19: Mobile DOAS schedule during AROMAPEX

Data samples

Figure A 44: Time series of the NO2 columns (upper panel: slant, lower panel: vertical) as
measured with the BIRA Double channel Mobile DOAS system during AROMAPEX on April
21 2016.
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b) Mobile DOAS (MPIC) – remote sensing
Please find additional details on page 89
Schedule

Table A20: MPIC schedule during AROMAPEX

Data products

Figure A 45: Tropospheric NO2 VCDs obtained from the MPIC
car MAX-DOAS measurements on 21 April 2016.

Notes on uncertainties, calibration and other known issues
On 19 April, 14:50 the temperature stabilization of the tube MAX-DOAS stopped working. This problem
continued until the end of the campaign. Fortunately, the effects on the NO2 results are negligible.

184

INOE, IUP

AROMAT2: Data Acquisition Report

Version: Final
Doc ID: AROMAT2-DAR-1
Date: Oct 2016

c) Zenith-Sky Mobile DOAS (UGAL) – remote sensing
Please find additional details on page 94
Schedule

Table A21: Mobile-DOAS schedule during AROMAPEX

Data Samples

Figure A 46: Time series of the NO2 DSCD as measured with the UGAL zenith-sky Mobile
DOAS system during AROMAPEX on April 21(PM), 2016
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Figure A 47: Map of the NO2 DSCD derived from the UGAL Mobile DOAS observations on
April 21 (AM), 2016, during AROMAPEX.
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d) Microtops (FUB) – remote sensing
Introduction
The Microtops is a commercially available handheld sun photometer. During the AROMAPEX campaign
measurements were performed along the driving route of the mobile car-DOAS platforms.

Figure A 48: Picture of the Microtops instrument

Figure A 49: Locations of the Micotops measurements

Data products
Aerosol optical depth (AOD)
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Data samples

Figure A 50: AOD retrieved from the Microtops measurements in Berlin for different
wavelengths

Figure A 51: Average AOD at different wavelengths

Notes on uncertainties, calibration and other known issues
The data of the microtops are higher than that of the Aeronet station. Two reasons are possible and are
under investigation. First the Aeronet station has a higher and less polluted position. This can be seen
with the lower values of the AOD in the south of Berlin (red circle and first and last measurement
points). A second reason might be a calibration issue of the Microtops, despite the fact that it was
calibrated 2015. We assume that both reasons are valid and require further investigation.
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e) CAPS (BIRA) - in-situ
Please find additional details on page 50
Schedule

Table A22: CAPS schedule during AROMAPEX

Data samples

Figure A 52: CAPS measurements at FUB on 19 April 2016. Note that the discontinuities see e.g. around
8 UT correspond to references measurements on air zero
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f) Avantes - Zenith sky DOAS (IUPB) – remote sensing
Introduction
The instrument consists of a small commercially available spectrometer (Avantes AvaSpec-ULS2048x64)
attached to a laptop. Light is coupled into the spectrometer via a light fibre bundle. The spectrometer
has neither a thermal stabilization nor a dedicated optical system. Thus, the field of view of the
instrument is about 10°. The fiber was fixed on the housing for electronic devices, located at the rooftop
of U Berlin, pointing to the zenith direction. The instrument covers a spectral range of 289 to 511 nm
with a spectral resolution of 0.7 nm (FWHM). The data was acquired with an integration time of 11.5s.

Figure A 53: Installation of the Avantes spectrometer on the U Berlin roof top. Left: Spectrometer and laptop for data
acquisition, right: light fibre bundle pointing to the zenith.

Schedule

Table A23: Avantes schedule during AROMAPEX
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Data products
The measured spectra are analyzed, using the DOAS method to retrieve column densities of trace gases.
The results of these retrievals are differential Slant Column Densities (dSCDs), which is the difference of
the SCDs between the absorber amount contained in the reference spectrum and the actual
measurement.
Trace gases retrieved in the fit are NO2, O3, O4, and H2O. Two different types of analysis were performed,
one using the daily noon spectrum as reference spectrum, the second using a fixed reference spectrum
from April 21st, 11:01:03 UT. The latter data is shown in Figure A 54 as it provides direct comparability
between individual days.
Data samples

Figure A 54: Time series of Slant Columns densities of NO2 and O4 during the AROMAPEX campaign
period, measured on the rooftop of U Berlin. On the “golden day”, 2016-04-21 a nice U-shape is observed
in both trace gas species under clear sky conditions.

Notes on uncertainties, calibration and other known issues
The majority of the measurements took place on cloudy conditions or even rain. On the “golden day”,
there was almost no NO2 pollution present above the measurement site as can be seen from the
stratospheric behavior of the NO2 slant columns (U-shape with higher PM than AM values). Due to the
fact that the instrument was only pointing in the zenith direction, the pollution at other locations of
Berlin could not be captured. Because the signal of tropospheric NO2 is very small, the retrieved dSCDs
of NO2 are dominated by the stratospheric contribution. The smooth U-shaped O4 slant columns on the
other hand indicate clear day visibility conditions as also reported from the other measurements on that
day.
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Data format
YYMMDD_W.EXTENSION
YY=year
MM=month
DD=day
_W=indicates the spectrometer used (only for internal information)
EXTENSION= file name extension
So for example the file with the name:
160421_WI.N02
Contains data from 2016-04-21. If the extension has the suffix “f”, the data was analyzed with a fixed
reference spectrum taken on 2016-04-21 at noon. Without this suffix, a noon spectrum of the respective
day was used as a reference.
The data is provided as tables in ASCII files. All files include a header that describes the data contained in
the columns as well as the most important settings used in the DOAS retrieval e.g. (fit window, crosssections etc.)
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g) AERONET station (FUB) – remote sensing
Introduction
An AERONET station is operated on the rooftop of FUB. The data can be accessed via the AERONET
website (aeronet.gsfc.nasa.gov/).
Please find additional details on page 121
Schedule
Measured (good data)
Measured (bad data)
Not Measured due to weather
Not measured due to logistics
No measurements scheduled

InstrumentLocationJul. Day
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318
Cimel CE318

Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin

Aeronet Station Berlin_FUB
00:00

01:00

02:00

03:00

Time (UTC)
04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

Table A24: Areonet availability matrix during AROMAPEX

Data products
Aerosol optical depth (AOD)
Data samples

Figure A 55: Example of data available on the AERONET website.
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h) Ceilometer CHM-15k (FUB) – active remote sensing
Introduction
The methos is described in: Frey S, Poenitz K, Teschke G, Wille H (2010) Detection of aerosol layers with
ceilometers and the recognition of the mixed layer depth. In: Proceedings of international symposium
for the advancement of boundary layer remote sensing, Paris, 28–30 June 2010

Figure A 56: Installation of the CHM-15k ceilometer at the rooftop of FUB

Schedule
Measured (good data)
Measured (bad data)
Not Measured due to weather
Not measured due to logistics
No measurements scheduled

InstrumentLocationJul. Day
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k
CHM15k

Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin
Berlin

Ceilometer CHM-15k
00:00

01:00

02:00

03:00

04:00

05:00

06:00

07:00

08:00

09:00

10:00

Time (UTC)
11:00
12:00

102
103
104
105
106
107
108
109
110
111
112
113
114

Table A25: Ceilometer schedule during AROMAPEX

Data products
Cloud ceiling height, aerosol layer height (PBL)
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Data samples

Figure A 57: Diurnal variation of the aerosol layer height in the planetary boundary layer

Figure A 58: 2-dimensional example of data acquired with the ceilometer
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i) ADSB station (FUB) – in-situ
Introduction
The ADSB station records meteorological data broadcasted by aircrafts during ascent and descent
(MODE-S). Information about temperature, as well as wind speed and direction can be received with a
ground station.
Schedule
Continuous
Data products
Wind profile, temperature profile
Data products

Figure A 59: Example of the MODE-S data records.
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j) Air Quality Network (governmental)
Introduction
The air quality in Berlin is measured routinely with ground-bases in-situ stations. Daily mean values for
several pollutants are available online (in German):
http://www.stadtentwicklung.berlin.de/umwelt/luftqualitaet/de/luftreinhalteplan/
Higher time resolved measurements are available for this project on request.
Overview

Figure A 60: Overview of measurement locations of the Berlin air quality network

Data products

Figure A 61: Data available on the website mention in the text. Ruß=Black Carbon;
Stickstoffdioxid=NO2; Benzol=Benzene; Kohlenmonoxid=CO; Ozon=O3;
Schwefeldioxid=SO2.
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k) Additional measurements during AROMAPEX
In addition to the aforementioned measurements, other instruments were operated during AROMAPEX
on their own costs, namely a MAX-DOAS from Uni. Heidelberg and KNMI miniature sondes.

MAX-DOAS (Uni. Heidelberg) – remote sensing
The Uni. Heidelberg MAX-DOAS has a spectral range of 297-459 nm with a spectral resolution of 0.6 nm.
It was installed in the tower at FUB so that the rotating mirror could scan elevations (1-5°, 10°, 20°,40°,
and 90°) in two opposite azimuths (44° and 224°). The spectra were integrated for 6 seconds for each
elevation angles, leading to a total measurement cycle of 2.5 min for both directions. The instrument
could detect NO2 and HCHO, it also seems that a HONO signal is present in some spectra.
This MAX-DOAS was installed at FUB between April 11th and May 18th, 2016. There were data gaps on
April 11, 15 and 17. Note that the instrument was operational during the campaign golden day (April 21).
Contact person: Johannes Lampel (Uni. Heidelberg)

NO2 Sonde (KNMI) – in-situ profiling
Four KNMI NO2 sondes (see description in section 3e) were deployed on bicycles cycling trough the city
of Berlin on 18 April 2016. The four sensors were inter-compared on the roof of FUB alongside the CAPS
on April 18.
Contact person: Tim Vlemmix (TU- Delft)
One KNMI sonde was also installed in the FUB Cessna, especially to perform profiles during take-offs and
landings.
Contact person: Mirjam Den Hoed (KNMI)
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8. Conclusions and recommendations
Both of the additional campaigns were successful in terms of getting appropriate flight approvals and
measurement quality.

AROMAT-2016
The remaining BN-2 flight hours were performed in the framework of a campaign coordinated by INOE
which took place on May 30 and June 1, 2016.
The instrumental set-up on the BN-2 was similar to the one deployed in AROMAT-2015, at the exception
of the NO2 sonde, which was not operated in AROMAT-2016. The set-up included a PICARRO gas
analyzer (CO, CO2, CH4, H2O vmr), the CAPS (NO2 vmr), and an aerosol particle sizer.
The flight patterns consisted a) in flying in parallel lines around the INOE observatory in Magurele at
different altitudes (300, 500, 1000m altitude), and b) in performing vertical sounding around the area (0
to 3km altitude)
The ground-based instrumental set-up was also close to AROMAT-2015 (lidar and sunphotometer for
aerosols, gas analyzers, Mobile-DOAS) but it included a newly installed instrument at INOE: the
PANDORA-2S, a MAX-DOAS system which would in particular give the NO2 tropospheric column.
Note that INCAS could fly the BN-2 above Magurele, which is an improvement compared to AROMAT2015. INCAS had to follow a similar procedure as for AROMAT-2015. A 3 months period is compulsory
after introducing the file, and this should also be discussed directly at ROMATSA. This procedure and
time interval should be considered for future airborbe campaigns in Romania.

AROMAPEX
The main purpose of the campaign was the comparison of the two airborne imaging DOAS instruments
APEX and AirMAP. The flight pattern aimed at providing a gapless map of the NO2 field above Berlin. The
flight altitudes were chosen in such a way, that the APEX and AirMAP instruments exhibit approximately
the same ground swath. To allow a consistent comparison, the temporal delay between the
measurements from the two instruments was kept as short as possible. Parallel tracks were flown in
North-South direction, starting the first flight line in the West.
Since the FUB Cessna was able to carry more instruments than just AirMAP, the payload could be
extended to also contain further airborne DOAS instruments, namely SWING and Spectrolite.
Ground-based measurements supported the airborne missions with mobile car-DOAS measurements
and stationary measurements of atmospheric parameters at the institute of FUB. The routes of the carDOAS platforms were set up to cover a large fraction of the area covered by the airborne instruments.
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The schedule of the campaign comprised 2 weeks. During that period, weather conditions were
generally unstable. Only one day, 2016-04-21, allowed successful measurements. On this ‘golden day’
two flights were performed under almost cloud-free conditions. The flights were conducted as planned
and all instruments took their measurements without major problems. RF-communication between the
two aircrafts was helpful to adjust and minimize the temporal delay between the aircrafts. Due to
restrictions on the airspace it was not possible to fly profiles above the city. Measurements of aerosol
properties could thus only be performed outside of the urban area.
As can be seen from the example results, the different instruments show a consistent distribution of
NO2 above Berlin, indicating successful measurements. Quantitative comparisons will be investigated in
the future.
Stationary measurements at the building of FUB are located outside of the polluted regions. Hence,
rather represent background values.
Overall the campaign was a success. A valuable dataset was acquired that allows a comparison between
APEX and AirMAP. Soundings of aerosol and trace gas profiles above the city center would be useful for
the scientific interpretation but not be performed because of restrictions on the airspace. Planning of
future campaigns should therefore consider this aspect in negotiations with air traffic control some time
in advance.
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