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Abstract:
The work package deliverable 6.4 represents an assessment and evaluation of the
performance and the possibilities of the instrument developed in the FLAIR project. It provides
a summary of the tests of the FLAIR instrument performed under field conditions.
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Executive Summary
This report provides an assessment and evaluation of the FLAIR instrument, a compact and
cost-effective air quality measurement instrument for sensitive and selective detection of trace
gases. The capabilities of the FLAIR instrument for detecting elevated methane concentration
has successfully been demonstrated in two field campaigns. In both field campaigns the FLAIR
instrument was operated on airborne platforms for sensing of methane on large spatial scales.
The FLAIR instrument can be a cost-effective tool for addressing air quality related safety
issues. When installed on unmanned aerial vehicles (UAVs), the sensor can operate in remote
or dangerous areas and outside of established monitoring infrastructures.
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List of Acronyms
Acronym

Meaning

LNG
Liquefied natural gas
MPC
Multi-pass cell
NUC
Non-uniformity correction
UAV
Unmanned aerial vehicle
TEC
Thermoelectric cooling
Table 1 – List of acronyms.
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1. Introduction
A compact and cost-effective air quality measurement instrument for sensitive and selective
detection of trace gases in the infrared (IR) atmospheric transmission window has been
developed in the FLAIR project. The developed instrument is based on an innovative
supercontinuum laser that provides ultra-bright emission across the spectrum of interest. In
combination with a novel type of multi-pass cell developed within this project and in conjunction
with specifically developed uncooled detector arrays the FLAIR instrument enable sensitive
detection of atmospheric trace gas. In this case study, FLAIR has been tuned to methane and
water spectral regions.
The developed instrument has been deployed and operated on airborne platforms (helicopter
and hot air zeppelin) demonstrating its potential and capabilities. The FLAIR instrument
enables pervasive sensing on large scales, e.g. along gas pipelines or around chemical plants
when mounted on an airborne platform. The FLAIR instrument can be a cost-effective tool for
addressing air quality related safety issues.
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2. Development of the FLAIR instrument
Figure 1 shows the work structure of the FLAIR project.

Project Management (WP1)
Exploitation & Outreach (WP7)

Figure 1: Structure of the work packages of the FLAIR project.

The development of the FLAIR instrument has been done according to the work structure of
the FLAIR project. After definition of the requirements and the basic design of the system in
WP2 and the parallel investigation and establishment of the spectroscopic basic background
in the lab (WP3), the different hardware and software components of the FLAIR sensor have
been developed (WP4). Subsequently, the different components were integrated and the main
functionalities of the full system were tested (T4.8). The FLAIR instrument was then extensively
tested under field conditions before it was integrated into two different airborne platforms (hot
air zeppelin and helicopter) for demonstrating the performance and capabilities of this airborne
sensing system.
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3. Calibration of the FLAIR instrument and atmospheric
measurements
The FLAIR instrument was tested at Empa in Dübendorf (Switzerland) by measuring known
methane concentrations and comparing the results with a reference instrument (Picarro G2301),
see Figure 2. These measurements allowed the calibration of the FLAIR instrument and the
determination of the detection limit.

Figure 2: Comparison of measured CH4 concentrations with the FLAIR instrument (black), the
reference instrument (Picarro G2301, blue) and the corrected signal of the FLAIR instrument (red).

The FLAIR sensor was calibrated by multiplying the measured signal of the FLAIR instrument
by a factor of 1.66. Such a correction of the FLAIR instrument leads to a slight underestimation
of the true methane concentration at high concentrations and a small overestimation at low
concentrations. The difference between the calibrated FLAIR sensor signal and the reference
instrument is, however, less than 400 ppb for the entire measured dynamic range (see below).
Next, the FLAIR instrument was used to measure CH4 and H2O in ambient air at the suburban
NABEL station at Empa in Dübendorf from 06.06.2020 to 09.06.2020. For comparison, colocated measurements with the Picarro G2301 reference instrument were done. Figure 3
shows a comparison of CH4 and H2O as measured by both instruments.
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Figure 3: Comparison of measured CH4 (top) and H2O (bottom) concentrations with the Picarro
reference instrument (blue) and the FLAIR instrument (red).

For CH4, the signal of the FLAIR sensor has been corrected by multiplication with a factor 1.66
as determined during the calibration measurements. At the relatively low atmospheric CH4
concentrations of about 2 ppm, the corrected signal of the FLAIR sensor has a systematic bias
of about 400 ppb, a behavior that has also been observed during the calibration
measurements. The atmospheric fluctuations of the CH4 concentration are much lower than
the detection limit of the FLAIR sensor. It is clear, the FLAIR instrument was developed for
higher concentrations for detection of leakages and high emissions in the immediate vicinity of
other sources or high concentrations in the case of accidents.
For H2O, the systematic offset of the FLAIR instrument is about +0.2%. The measured H2O
concentration is highly correlated to the response of the Picarro reference instrument.
The observed difference between the FLAIR instrument and the reference instrument for both
CH4 and H2O are likely due to the noise of the camera, whose structure resembles the
absorption features of the two species.
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The cause for the 1.66 multiplication factor has been discovered after the calibration tests. Two
additional threaded apertures had been made in the front cover of the multi-pass cell. Since
the pumping system had been placed after the MPC, the air entering the interaction region
came both from those 2 holes (total surface 14.6 mm2) and from the air intake of the MPC (total
surface 373 mm2). After those holes have been sealed, the concentrations measured by the
FLAIR system matched the concentrations measured with commercial methane detectors.
Those calibration tests at EMPA were extremely useful, as the allowed to find this issue in the
MPC design.
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4. Operation of the FLAIR instrument in the field
A first field test campaign was performed in the morning of June 24, 2020 in Beromünster,
Switzerland. The campaign took place at the Beromünster airfield, which is in close proximity
to the Beromüster tall tower, where reference measurements are available on different height
levels up to 212m above ground. At the air field, a 5-meter mast was installed. A 3D sonic
anemometer was mounted on the top of the mast, measuring wind speed and wind direction
for the duration of the campaign. The outlet of an artificial CH4 source (compressed gas
cylinder of natural gas, flow of 100 liters per minute) was placed close to the top of the 5-meter
mast.
The FLAIR instrument was installed on a hot air zeppelin (Figure 4). It was planned to fly the
hot air zeppelin over the airfield and through the plume of the artificial methane source and
finally to the Beromünster tall tower. In order to ensure a successful detection of methane
released from the artificial source, the path of the zeppelin was to approach the source from
the north. The zeppelin took off around 5 AM and was flying at low altitude over the airfield.
After a couple of successful fly-overs over the gas source, the zeppelin flew to and around the
Beromünster tall tower before flying back and landing at the airfield.

Figure 4. Picture of the hot air zeppelin carrying the FLAIR instrument for the field campaign in
Beromünster, Switzerland. The wind mast and the tubing of the artificial methane source are visible in
the front, the Beromünster tall tower can be seen in the center. It is located in western direction from
the airfield in a distance of about 2 km.

The retrieved concentrations by the FLAIR instrument are shown in Figure 5. Figure 5(b) shows
a zoom to the low CH4 concentrations (atmospheric) part of the curve, and Figure 5(c) shows
a zoom to the elevated CH4 concentrations in the artificial plume. The retrieved atmospheric
concentration of CH4 is very close to the expected atmospheric concentration with an average
value of 1.9 ppm and a standard deviation of 0.65 ppm. There is no clear systematic offset as
found during the tests in the temperature controlled environment of the NABEL site in
Dübendorf. This may be due to the non-uniformity correction (NUC) of the camera, which
depends on environmental parameters, in particular the camera temperature. This observation
led to the installation of a TEC controller to stabilize the temperature of the camera. This
modification has been implemented for the helicopter tests in Denmark.
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The response time of the instrument is determined by the refresh rate of the multi-pass cell
(MPC). At the chosen gas flow rate, a response time of about 3 seconds can be expected. The
rise and fall time of the retrieved CH4 concentration when flying through the plume of the
artificial methane source indicates a good agreement with the expected response time.

Figure 5. (a) Example of the retrieved CH4 concentrations during the field campaign in Beromünster,
(b) zoom to the low CH4 concentrations (atmospheric) part of the curve, and (c) zoom to elevated CH4
concentrations in the artificial plume.

The second field demonstration was a deployment of the FLAIR instrument on a helicopter for
detection of methane in the plume of ships cruising the Kattegat channel linking the North Sea
to the Baltic Sea. A total of 123 vessels were investigated on three measurement days. Most
vessels were running on conventional fuel; thereby, no clear CH4 emission was observed.
However, some visible emissions of CH4 and H2O were successfully detected from vessels
that transported LNG (liquefied natural gas) and run with LNG engines. The helicopter passed
through the plume emitted by one of those vessels 4 times consecutively, in order to confirm
the measurement reliability. In contrast to other vessels, the FLAIR sensor could measure a
small amount of CH4 and H2O emission from the LNG vessel. The interrogation on this vessel
was at around 12h30, and 4 consecutive peaks are clearly observed, as shown in Figure 6. It
should be emphasized that the water absorption measured from the optical spectrum shows a
very good agreement to the RH profile, measured by the electronic humidity sensor that is
embedded inside the MPC (multi-pass cell). It shows the reliability of the measurement by the
FLAIR sensing system.
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Figure 6: (Left) CH4 and H2O profiles, measured by the FLAIR sensor (2020-07-21). (Right)
Comparison between the FLAIR H2O profile and RH, measured by an electronic humidity sensor.

The helicopter had also been fitted with a commercial methane sensor, model LGD CompactA CH4 from Axetris. This allowed to compare the FLAIR measurement profiles with those of
this reference sensor (see Figure 7). This measurement has been made on an anchored cruise
ship, with its engine running. The interrogation on this vessel started at 13h45 and the
helicopter passed through the plume 5 times consecutively. Remarkably, the two methane
profiles measured by two distinct systems are perfectly matching.

Figure 7: Measured methane profile comparison between FLAIR and the reference instrument (202007-22).

Figure 8, shows a close view on those individual peaks. The blue line corresponds to the raw
FLAIR measurement. The black line is the raw measurement from the Axetris system, and the
red line is the result of a 7 seconds time averaging of the black line. Both blue and red line
match extremely well, confirming the performances of the FLAIR system.
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Figure 8: Good agreement of methane measurement between FLAIR and Reference (7seconds rolling
averaged) profiles

The Axetris system performs 2 measurements per seconds. FLAIR is expected to make 1
measurement per second. However, upon disassembling the system from the helicopter, it has
been found that the exhaust tube had been over bent, leading to a constriction in the air flow
that explains the 7 second time averaging observed on the measurements of Figure 8.

5. Summary
The potential and capabilities of the FLAIR instrument was demonstrated in stationary tests in
the air quality monitoring station in Dübendorf, Switzerland and in two field campaigns where
the instrument was installed and operated on airborne platforms. High emission levels of CH4
were successfully and reproducibly measured in the plume of ships as well as when released
from an artificial source. The FLAIR sensor system uses a spectral resolution of 0.7 cm-1 for
both CH4 and H2O model spectra and assumed an effective interaction length of 10 m in the
MPC. An optimized spectra fitting routing based on a 9th order polynomial (in addition to the
CH4 and H2O model spectra) is used to remove the remaining baseline in the measurements.
No offsets or correction factors are used in the analysis.
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The residuals of the fits demonstrate no systematic structures, and despite high camera noise
levels we can successfully retrieve CH4 and H2O concentrations. Operation of the FLAIR
instrument on the helicopter for detection and analysis of ship plumes showed the potential of
a multicomponent approach. The measured distinct peaks in water concentration (with no
elevation in CH4 concentrations) can be used as an indication that the helicopter was passing
through plumes of ships running with different fuels.
When installed on unmanned aerial vehicles (UAVs), the FLAIR instrument can operate in
remote or dangerous areas and outside of established monitoring infrastructures.
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