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Abstract

For the purpose of trace gas measurements and pollution mapping, the Airborne imag-
ing DOAS instrument for Measurements of Atmospheric Pollution (AirMAP) has been
developed, characterised and successfully operated from aircraft. From the obser-
vations with the AirMAP instrument nitrogen dioxide (NO2) columns were retrieved.5

A major benefit of the pushbroom imaging instrument is the spatially continuous, gap-
free measurement sequence independent of flight altitude, a valuable characteristic for
mapping purposes. This is made possible by the use of a frame-transfer detector. With
a wide-angle entrance objective, a broad field-of-view across track of around 48◦ is
achieved, leading to a swath width of about the same size as the flight altitude. The10

use of fibre coupled light intake optics with sorted light fibres allows flexible positioning
within the aircraft and retains the very good imaging capabilities.

The measurements yield ground spatial resolutions below 100 m. From a maximum
of 35 individual viewing directions (lines of sight, LOS) represented by 35 single fibres,
the number of viewing directions is adapted to each situation by averaging according to15

signal-to-noise or spatial resolution requirements. Exploitation of all the viewing direc-
tions yields observations at 30 m spatial resolution, making the instrument a suitable
tool for mapping trace gas point sources and small scale variability. For accurate spatial
mapping the position and aircraft attitude are taken into account using the Attitude and
Heading Reference System of the aircraft.20

A first demonstration mission using AirMAP was undertaken. In June 2011, AirMAP
has been operated on the AWI Polar-5 aircraft in the framework of the AIRMETH2011
campaign. During a flight above a medium sized coal-fired power plant in North-West
Germany, AirMAP clearly detects the emission plume downwind from the exhaust
stack, with NO2 vertical columns around 2×1016 moleculescm−2 in the plume cen-25

ter. The emission estimates are consistent with reports in the pollutant transfer register.
Strong spatial gradients and variability in NO2 amounts across and along flight direction
are observed, and small-scale enhancements of NO2 above a motorway are detected.
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The present study reports on the experimental setup and characteristics of AirMAP,
and the first measurements at high spatial resolution and wide spatial coverage are
presented which meet the requirements for NO2 mapping to observe and account for
the intrinsic variability of tropospheric NO2.

1 Introduction5

Nitrogen dioxide, NO2, is one of the important trace gases in the Earth’s atmosphere.
NO2 and nitrogen monoxide, NO, are coupled together by the reaction of NO with
ozone, O3, which produces NO2 and the photolysis of the latter which produces NO.
Research interest in the sum of these two nitrogen oxides NOx = (NO2+NO) in the tro-
posphere results from its harmful effects on human health (Nitschke et al., 1999, and10

references therein) and ecosystems (e.g., Galloway et al., 1982; Paerl, 1985). NO2 is
itself toxic, but it also participates in catalytic cycles producing tropospheric Ozone, O3.
Tropospheric O3 is both, a significant pollutant reducing air quality and a greenhouse
gas. Apart from natural processes such as lightning, natural biomass burning events
and soil emissions, the main sources of NOx emissions are from anthropogenic activi-15

ties such as fossil fuel combustion by power plants, industry and traffic. Due to variable
and small-scale sources, the high reactivity of NOx, and a short atmospheric NO2 life
time spatial and temporal variability of NO2 may be large.

In the 1970s, atmospheric NO2 amounts have been measured spectroscopically
from the ground (Brewer et al., 1973; Noxon, 1975). A powerful and well-established20

method for the detection of atmospheric trace gases is the Differential Optical Ab-
sorption Spectroscopy (DOAS) technique (Platt and Perner, 1980; Platt and Stutz,
2008). Using the passive remote sensing DOAS method, the vertical column inte-
grated amount of a trace gas is determined from different platforms. Our knowledge
about global distributions and temporal variation of NO2 has been increased by satel-25

lite observations from space (e.g., Burrows et al., 1999b; Leue et al., 2001; Richter
and Burrows, 2002; Beirle et al., 2003; Richter et al., 2005; Bucsela et al., 2006; Hilboll
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et al., 2013) which provide valuable long-term and global data sets. Up to the present,
spatial variability or point source emissions at spatial scales much below the order of
several 10 km, however, are not individually resolved from space based measurements.

The ground-based DOAS technique has been further developed into the widely used
MAX-DOAS (multiple axis DOAS) method, utilizing measurements at multiple elevation5

angles (Hönninger et al., 2004; Wittrock et al., 2004). These measurements provide
information on the vertical trace gas profile. In addition to stationary setups, DOAS
and MAX-DOAS instruments have been used from ships (e.g., Peters et al., 2012),
driving cars (Ibrahim et al., 2010) and airborne platforms. For example, DOAS mea-
surements from high altitude balloons yield NO2 columns and vertical profiles in the10

stratosphere (Pfeilsticker and Platt, 1994), and observations from aircraft yield tro-
pospheric NO2 amounts over emission point sources and polluted regions (Melamed
et al., 2003; Wang et al., 2005), as well as from shipping emissions (Berg et al., 2012).
Such airborne measurements are also valuable for satellite validation (Heue et al.,
2005). Observing in flight direction, Merlaud et al. (2012) apply a DOAS instrument15

on an ultralight aircraft and achieve high sensitivity for boundary layer NO2. Utilizing
regular flights of an airliner, the CARIBIC project comprises DOAS measurements of
several trace gases (Dix et al., 2009; Heue et al., 2011). The combination of multiple
elevation angles in flight direction has enabled tropospheric NO2 profile retrievals from
aircraft (Bruns et al., 2004, 2006). As a further development, Baidar et al. (2013) use20

a scanning unit as well as motion compensation for accurate selection of the desired
elevation angles, with which they retrieve vertical profiles of trace gases and aerosols.

The extension of a DOAS instrument with one viewing direction at a time to an imag-
ing design allows simultaneous observation in multiple independent directions within
a large field of view. Imaging DOAS measurements have been performed from ground25

(Lohberger et al., 2004; Bobrowski et al., 2006) and are regularly performed by the
space-borne OMI sensor (Levelt et al., 2006). Up to now, two applications of imaging
DOAS from aircraft have been reported based on two considerably different instrumen-
tal systems. Heue et al. (2008) report on the first imaging DOAS measurements from
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aircraft observing large scale NO2 emissions over the African Highveld power plants.
The instrument is based on a commercial grating spectrometer as in the present study.
Popp et al. (2012) use the APEX hyperspectral imaging spectrometer for successful
NO2 observations over a city. That instrument was developed within a broad ESA (Eu-
ropean Space Agency) programme since 1993 and built by an industrial consortium,5

while first data became available in 2008 (Itten et al., 2008).
The present study introduces the Airborne imaging DOAS instrument for Measure-

ments of Atmospheric Pollution (AirMAP), which is well suited for trace gas mapping
of comparably small scale emissions at fine spatial resolution and better spatial cov-
erage as compared to previous studies. The wide and continuous spatial coverage10

is supported by (a) a large field of view of 48◦ across track and (b) a measurement
sequence without temporal gaps between consecutive exposures. At the same time,
a good imaging quality is achieved. In the following, the instrumental setup and viewing
geometry as well as the attitude correction for accurate geolocation are introduced.
The instrument quality is demonstrated in terms of spatial and spectral resolution as15

well as the NO2 retrieval quality. Some observations of NO2 are discussed, and the
emission flux for a medium sized power plant is calculated as an application example.

2 Aircraft, flight and target description

The research flight on 4 June 2011 took place in the framework of AIRMETH2011,
a joint campaign between the AWI Bremerhaven, IUP Bremen and GFZ Potsdam. The20

AirMAP instrument was flying as additional payload during the campaign on the Polar-
5, the AWI DC-3 research aircraft. The research aircraft is equipped with an AIMMS-20
(Aircraft-Integrated Meteorological Measurement System), comprising an AHRS (Atti-
tude and Heading Reference System) and a GPS (Global Positioning System). The
main target of the research flight was the observation of pollution plumes from a coal25

mine with a close-by coal fired power plant, the RWE Power AG Kraftwerk Ibbenbüren,
at coordinates 7.748◦ E and 52.289◦ N. One research focus addressed the emissions of
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methane, CH4, from ventilation shafts (Krings et al., 2013), for which the flight patterns
were primarily selected. The medium sized power plant generates an average power of
around 840 MW, it has a 275 m high exhaust stack and uses extensive flue gas cleaning
facilities. This information is reported by RWE Generation SE on http://www.rwe.com/
web/cms/de/1770936/rwe-generation-se/standorte/deutschland/kw-ibbenbueren (vis-5

ited 11 December 2013). Emissions of around 3060 ta−1 of nitrogen oxides (NOx in
weights of NO2) are reported for the year 2011 following E-PRTR, the European Pol-
lutant Release and Transfer Register, http://prtr.ec.europa.eu (visited 11 December
2013). Emissions are variable from year to year with reported amounts between 1900
and 3300 ta−1 in the previous years from 2007 to 2010. The aircraft survey above the10

target area took place between 09:05 UT and 10:20 UT at an average flight altitude of
around 1100 m. During multiple overpasses over the power plant exhaust plume, the
NO2 column amount was observed.

3 Instrumental setup

A sketch of the AirMAP instrumental setup is shown in Fig. 1. The instrument comprises15

an Acton 300i imaging spectrograph with a focal length of 300 mm and an f -number
of f /3.9. It is equipped with a 600 lines mm−1 grating blazed at 300 nm, and enables
measurements of the incoming light currently in the visible wavelength range from 412
to 453 nm. The spectrometer is temperature stabilized at 35 ◦C. While the same spec-
trometer was used as that by Wang et al. (2005) and Heue et al. (2008), the other parts20

of the instrument and its operation have rather different characteristics.
Viewing in nadir geometry, a wide angle camera objective with only 8 mm focal length

is used as entrance optics allowing for a large field-of-view of about 48◦ across track.
The observed ground scene is imaged onto the entrance of a light guide consisting
of 38 sorted single glass fibres, which are vertically aligned in the same sequence25

at either end with a core-to-core separation of 220 µm. The use of the sorted light
guide allows at the same time optical imaging and flexible positioning of the instrument
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within the aircraft. On the spectrometer side, the light guide is attached to the entrance
slit (approximately 100 µm width) in the focal plane. Via the imaging spectrometer the
spatial information of the radiance is retained, and the intensity spectrum is recorded
by a 2-dimensional CCD (charge coupled device) detector. The combination of imaging
spectrometer and 2-D detector enables the pushbroom imaging technique, where the5

field of view across track is observed simultaneously, while whiskbroom imagers scan
over the swath measuring in different viewing directions in a rapid sequence.

A further feature of AirMAP is the specific choice of the CCD detector, which is
a frame-transfer camera. The frame-transfer technique allows gap-free measurements
along flight direction. The detector comprises a two-fold active chip area, an imaging10

area which is illuminated by the observed scene and a masked storage area. After an
exposure, the charge on the CCD is shifted rapidly from the illuminated to the storage
area. The illuminated area is ready for a new exposure while the former image is read
out. The chip has a size of 512×512 pixels, a digitization rate of 5 MHz and a vertical
shift rate of 2 µsrow−1. The frame-transfer setup allows the down time of the instrument15

to be reduced by a factor of around 70 in comparison to an equivalent detector without
a storage chip, as the shift time alone is 1 ms for the transfer of an entire image to the
storage chip, which is much faster than the readout time. The full frame readout time of
the second chip here is typically slightly less than 0.1 s. In addition, the image transfer to
the storage chip is much faster (by a factor of 500) than the exposure time, so the smear20

effect is negligible and no mechanical shutter is required for this short time. Effectively,
no observational gaps occur between two subsequent measurements. During the test
flights, once every 120 exposures (once per minute) a re-initialisation of the detector
has been performed in order to prevent potential synchronisation offsets. During the
initialisation, small observational gaps along track occur, however, this procedure is25

not generally necessary.
Additional instrumentation parts of AirMAP are similar to those described for the

MAMAP setup (Gerilowski et al., 2011). A second nadir viewing port is used for scene
photography. The release of the employed 1/2′′ CCD camera is triggered by the
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recordings of the spectrometer CCD. This way, alongside the trace gas measurements
corresponding photographic images for additional scene and position control are taken.
The images are used for interpretation of the ground scene, e.g., to identify pollution
sources. A Panel PC with SSD (solid state disk) memory is used for measurement
control and data storage. The SSD provides fast reading and writing speed as well as5

comparably good vibration stability and, most importantly, safe operation also in higher
flight altitudes at low pressure. A second compact PC is used for control of the image
camera. For position and orientation monitoring, a Garmin 5 Hz GPS antenna as well
as a small Microstrain 3DM-GX1 AHRS system are included in AirMAP.

4 Viewing geometry10

4.1 Field of view

A sketch of the viewing geometry is shown in Fig. 2. AirMAP observes from an aircraft
nadir port downwards, measuring the solar electromagnetic radiation that is backscat-
tered by the ground or atmosphere to the entrance objective. Radiation from a field-
of-view (FOV) of around 48◦ across track is observed simultaneously. From the fibre15

bundle with an entire height of 8.5 mm, the radiation from 35 of the 38 individual fibres
is recorded by the CCD with a chip height of 8.2 mm. Thus, a maximum of 35 individual
viewing directions can be separated at a time. The instantaneous FOV (IFOV) along
track is around 1.2◦, while the effective FOV along track is given by the convolution of
the IFOV with the travelled distance (i.e., the product of flight speed and exposure time).20

The latter usually dominates the FOV and is used as basis for mapping purposes. Typi-
cal flight speed during central flight patterns is around 60 ms−1. With an exposure time
of 0.5 s, a ground pixel size along track of 30 m is achieved.

The lines of sight, LOS, across track are spread between ±24◦ at level flight. With
respect to flight direction, positive LOS values point to the right. At typical flight altitude25

of around 1100 m a ground swath width of nearly 1000 m is covered. Averaging over
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neighbouring viewing directions and/or over time along track may be applied depending
on the respective research focus, e.g. depending on the spatial extent of observed
sources and required signal-to-noise ratio. All values reported in the present study are
derived from the original 0.5 s exposures without temporal averging. Specifications for
ground resolution and spatial imaging quality follow below in Sect. 5.1.5

4.2 Aircraft angles and correction of geolocation

Under flight conditions, the viewing geometry as described above is impacted by the
aircraft attitude, i.e. the pitch, roll and yaw (heading) angles. For an accurately com-
puted geolocation, required for source assignment and the determination of distances,
it is essential to take adequately into account the aircraft orientation and its altitude in10

addition to the latitude and longitude positions. Positioning information is either taken
from the AirMAP GPS and AHRS, or it is received from the AIMMS-20 AHRS on board
the research aircraft. The latter is used in the current study. By convention, the pitch
angle is positive when the aircraft nose is pointing upwards, the roll angle is positive
when the right wing is down, and the yaw angle is counted positive from North (0◦) in15

clockwise direction, i.e. towards the East.
The information of the aircraft positioning is read twice, viz. at the start and the end

of each exposure. To map the trace gas amounts, the coordinates of the four corners
of each ground pixel are computed, two corners for conditions at exposure start, and
two for the end conditions. Linear variation of all parameters during the fairly short20

exposure time of 0.5 s is assumed, so that the ground pixel is a tetragon. The across
track limits of an individual ground pixel are given by two individual LOS angles, θi ,
with respect to the center of the entire FOV. From the pitch (αp) and roll (αr) angles,
the spatial displacements of the corner ground locations along (L) and across (d ) flight
direction can be calculated, whereby H denotes the flight altitude a.g.l.25
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L = H · tan(αp) (1)

d =
H

cos(αp)
· tan(θi −αr) (2)

Starting from the aircraft location with latitude φ0 and longitude λ0, a corner coordinate
(φ,λ) deviates from the center by φ′ and λ′ and is calculated at a given time instance5

for each individual corner by using the above displacements, the aircraft yaw angle (αy )
and the Earth radius R0.(

λ
φ

)
=
(
λ0
φ0

)
+
(
λ′

φ′

)
with10 (

λ′

φ′

)
=

180◦

πR0

(
cosαy

cosφ0

sinαy

cosφ0

−sinαy cosαy

)(
d
L

)
(3)

This results in:

λ′ =
180◦ ·H

πR0 cosφ0

(
cosαy

tan(θi −αr)

cosαp
+ sinαy tanαp

)
(4)

φ′ =
180◦ ·H
πR0

(
−sinαy

tan(θi −αr)

cosαp
+ cosαy tanαp

)
(5)15

During most survey flights, where the pitch angle and altitude do not change much, the
roll angle has the largest influence on the spatial displacement. Also during straight
flight legs, the aircraft is often not exactly level. For the example flight discussed in
Sect. 2, the average displacement magnitude over fairly straight tracks (with αr ≤ 5◦)20

lies around 60 m, while for curved tracks (with αr > 5◦), the displacement mostly lies
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between 300 m and 400 m with maxima up to between 700 m (central viewing direction)
and 1200 m (sideways viewing direction). Application of the above correction is hence
essential for accurate geolocation.

For part of the flight described in Sect. 2, Fig. 3 shows an image of the recorded radi-
ation intensity mapped onto the ground (left) together with a Google Earth image (right,5

http://www.google.com/earth). The image contains a piece of a motorway, which is vis-
ible in the measurements by the enhanced intensity. The intensity map is a composite
of several passes over the motorway in different orientations, at different locations, and
also during fairly curved tracks. Nevertheless, the motorway, i.e., the enhanced inten-
sity, shows a continuous course and is positioned at the right location, demonstrating10

the good performance of the computed geolocation.

5 Instrument quality

The performance of the imaging DOAS instrument has been tested in terms of its
spatial, as well as its spectral characteristics. Spatial resolution and imaging qualities
are important aspects for small scale observations and subsequent source identifica-15

tion and attribution. In the spectral range, sufficient resolution for application of the
DOAS technique and a well-shaped, stable spectral response function (SRF), com-
monly termed slit function, are required. The retrieval quality of the NO2 absorption
signal is discussed in Sect. 6.2.

5.1 Spatial resolution and imaging quality20

Following from the field of view described in Sect. 4, a flight altitude of typically around
H = 1100 m a.g.l. yields a swath width of 980 m and an individual pixel size of 28 m
across track using full resolution. When combining spectra from adjacent fibres, e.g. to
a number of 9 LOS (8×4 fibres and one LOS with 3 fibres at the upper CCD edge), the
effective ground pixel size is increased to around 110 m while improving the SNR by25
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about a factor of 2. In order to further improve the SNR, subsequent detector readouts
may be averaged, increasing the integration time, e.g. from 0.5 to 2 s. This increases
the ground pixel size to 120 m along track and the SNR again by a factor of 2. As
the entire pixel-by-pixel readout of each CCD exposure is stored, spatial and temporal
averaging and choices of viewing directions may be performed during post-flight data5

evaluation, depending on the respective research question.
The instrument’s optics have been carefully adjusted for imaging of far distant ob-

jects (practically close to infinity) beforehand in the laboratory. An example image on
the CCD chip is shown in Fig. 4. On the left the scene photograph in black and white is
shown next to the simultaneous CCD image of the DOAS measurement on the right.10

In the CCD image, the horizontal axis contains the spectral information, while spatial
information is distributed along the vertical axis. The blue box in the photograph marks
the field of view for the DOAS observation. The CCD figure shows 35 illuminated stripes
from the 35 glass fibres. The strongly reflecting motorway in the center of the photo-
graph causes high intensity only in one fibre, i.e. within one stripe on the CCD. Other15

features such as the smaller road above the motorway and the bright area towards the
bottom of the picture can also be distinguished in the CCD image. The good imaging
quality also allows the fine mapping of the motorway seen before in Fig. 3.

5.2 Spectral resolution and spectral response function

Due to varying image quality along the spatial axis, the SRF has a different shape and20

width for the different viewing angles. The narrowest SRF is that one of the central
viewing direction with a FWHM (full width at half maximum) of 0.5 nm, while the outer-
most viewing directions have an SRF with a FWHM of around 1.0 nm. The experimental
SRF measured at 435.8 nm with a HgCd calibration lamp are displayed in Fig. 5. From
the center to the outer directions lighter colours are used. The viewing directions to the25

right are drawn as solid lines, directions to the left in dotted lines. With a sampling of
512pix/41nm = 12.5 pixnm−1, i.e. between 6 and 12pix/FWHM, the Nyquist sampling
theorem is well fulfilled. The broadening of the point spread function towards the outer
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directions is clearly visible. The central directions reveal good symmetry, while the two
outermost viewing directions (VD 01 and 09) show some deviation in form of a dint
on the right of the SRF center. Most importantly, the SRF shape and width for each
individual viewing direction does not change along the wavelength axis (not shown).
This stability is required for accurate and consistent trace gas retrieval results.5

6 Observations of NO2

The measurements of the AirMAP instrument have been used to retrieve trace gas
absorption signals using the DOAS method. The current instrumental setup allows ob-
servations within a spectral range of around 41 nm. For the present study, the recorded
spectral range was from 412 to 453 nm. This spectral band covers strong spectral fea-10

tures of the NO2 absorption cross section.

6.1 Retrieval settings

For the retrieval of NO2 slant column densities, the spectral region from 425 to 450 nm
is used as fitting window. Spectra averaged over a one minute time period from above
a rural region close-by in time are used as a background reference. Therefore, the re-15

trieved NO2 amount is a differential slant column density (dSCD, in the following SC)
amount with respect to this background column. This approach effectively removes the
absorption of any NO2 in the upper troposphere or stratosphere, where the NO2 is
well mixed over horizontal scales of 50 km as a result of the high wind speed, mean
free paths and related mixing. Using the SCIAMACHY data, the NO2 product indicates20

that the stratospheric NO2 amount was about 4.0×1015 moleculescm−2 for the time
and location of the research flight. The small diurnal variation of this stratospheric NO2
column and the effect of changing solar zenith angle (SZA) close to local noon are neg-
ligible. This is also because of the short time between the actual and the background
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measurement, which is one hour at maximum for the measurements discussed in this
study.

In addition to the NO2 absorption cross section (293 K, Burrows et al., 1998) the
absorption signatures of O3 (241 K, Burrows et al., 1999a), O4 (296 K, Greenblatt et al.,
1990) and H2O vapour (HITRAN 2004 data base, Rothman et al., 2005) are taken into5

account. A quadratic polynomial takes care of the broad-band spectral structures, and
a constant intensity offset is fitted. In order to account for the in-filling of Fraunhofer
lines in scattered light measurements, the Ring effect spectrum determined by radiative
transfer calculations (Vountas et al., 2003) is also fitted as a pseudo-absorber. Prior to
the actual retrieval procedure, all reference spectra are convolved with the instrument’s10

SRF, individually for each viewing direction.

6.2 NO2 slant columns and retrieval quality

During the measurement flight, the retrieved SC of NO2 varies between values around
zero for areas which are similarly unpolluted as the rural reference region, and 5×
1016 moleccm−2 for locations most strongly affected by local NOx emissions. Small15

negative SC values in some locations indicate cleaner conditions and thus lower NO2
amounts than in the reference region average. All results in this section refer to division
of the field of view into nine viewing directions (referred to as LOS09 retrieval) at 0.5 s
exposure time. A short part of the NO2 slant column time series is shown in Fig. 6,
covering a 15 minute period from 09:51 to 10:06 UT for three viewing directions, the20

furthest right (VD 01), center (VD 05) and furthest left (VD 09) with respect to flight
direction. Results of VD 01 and VD 05 are offset against VD 09 for better visibility by 2×
1016 moleccm−2 and 1×1016 moleccm−2, respectively. With an exposure time of 0.5 s
this high resolution time series shows strong spatial variations along flight direction,
i.e. along the time axis, as well as considerable spatial variation across flight direction,25

visible through the differences between the three viewing directions.
Example fit results are shown in Fig. 7 for the same selected viewing directions.

For the given location, all three viewing directions show enhanced NO2 amounts with
3604
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slant column densities of SCVD01 = 2.6±0.2×1016 moleccm−2, SCVD05 = 4.0±0.1×
1016 moleccm−2, and SCVD09 = 3.6±0.2×1016 moleccm−2, respectively. Individual rel-
ative fitting errors range between 3% and 9% for the given examples. The root-mean-
square (RMS) value of the residual optical depth gives a measure of the fit qual-
ity and of the detection limit. Typical RMS values of the residual lie in the range of5

(1.5–2.0)×10−3. As the spectral sampling is larger than necessary, the RMS may be
improved by coadding along the spectral axis. However, such a procedure has no effect
on the noise of the retrieved NO2 amount.

The detection limits and uncertainties for the column results are better estimated
from the retrieved NO2 amounts and their noise. For this purpose, the spread of NO210

values is analysed taken from an area with small relative abundances (Platt and Stutz,
2008). In the present case, a suitable area is the reference location, from where the
one-minute average reference spectrum I0 for the DOAS analysis is obtained. For bet-
ter statistics, a three minute section from the flight is used for the error analysis. Figure 8
shows the results for viewing directions VD 01, 05, and 09. Relative frequencies are15

plotted as histogram against the NO2 bins of size 0.5×1015 moleccm−2. The mean and
the width of the distributions are found in each case by a fitted Gaussian function. The
mean is slightly positive but close to zero in all three cases (0.5–0.6×1015 moleccm−2)
due to residual background NO2. With a 95 % probability values lie within two times the
standard deviation, 2σ, of 4.4, 3.5, and 5.5×1015 moleccm−2 for VD 01, 05, and 09,20

respectively. These values give a meaningful measure for the slant column detection
limit and uncertainty for individual detections. With typical air mass factors of around
2.2 (Sect. 6.3), the vertical column detection limit and uncertainty lie between 1.6 and
2.5×1015 moleccm−2 for a single observation assuming a normal distribution and using
2σ to cover the range of possible values. As a result of some real variability in the NO225

amounts, these values represent an upper limit of the experimental uncertainty.
At a typical speed of 60 ms−1 and 1100 m flight altitude, averaging over 4 subsequent

measurements leads to nearly quadratic ground scenes with an area of 110×120 m,
and the fit RMS is improved by nearly a factor of two as expected. In areas affected
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by anthropogenic activities, NO2 enhancements are above the detection limit of the
AirMAP instrument.

For the central flight pattern above the power plant area, the map in Fig. 9 shows the
spatial distribution of NO2 slant column amounts. The column density is colour coded
according to the legend given in the map. For the analysis of the AirMAP observations5

no post-processing in the form of destriping has been applied, which would be nec-
essary in case of viewing angle dependencies in the trace gas results (Dobber et al.,
2008; Popp et al., 2012). The single viewing directions yield consistent results, which
do not exhibit stripy features, neither in the instrument calibration parameters nor in the
retrieved NO2 column amount. The location of the power plant is marked in the figure10

by a black dot. Enhanced amounts of NO2 are observed downwind of the power plant
stack, while surrounding areas have much lower NO2 amounts than within the exhaust
plume. The average wind direction is indicated in the map (see also Sect. 7.1). For
single measurements, maximum slant columns reach 5.0×1016 moleccm−2. Typical
amounts within the power plant plume are between 1.2 and 4×1016 moleccm−2. This15

is about one order of magnitude smaller than values measured by (Heue et al., 2008)
above the huge African Highveld power plants.

6.3 Air mass factors for tropospheric NO2

In order to transfer the retrieved NO2 slant columns into vertical column amounts, air
mass factors (AMF) are computed by radiative transfer calculations. For this purpose,20

the SCIATRAN code is used (Rozanov et al., 2002). The AMF takes care of the relative
light path length through the absorber layer, and the vertical column (VC) is determined
by:

VC =
SC

AMF(λ,p)
(6)

25

The AMF depends on the wavelength λ and on an additional set of parameters p
which determine the radiative transfer scenario. This is influenced, e.g., by the ground
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reflectance, the absorber profile, SZA and aerosols. The sensitivity of the measure-
ments in dependence of the altitude location of the absorber is given by the Box AMF,
which is the respective AMF in a defined altitude range. For a scenario of 40◦ SZA and
a wavelength of 425 nm, the Box AMF is plotted in Fig. 10 for different values of the
ground reflectance and considering a flight altitude of 1100 m and direct nadir LOS.5

SZA values for the campaign flight lie between 32◦ and 57◦, and for the central flight
pattern between 39◦ and 50◦. The flight took place on a clear summer day with good
visibility, i.e. aerosols are not considered in these examples. The measurement sen-
sitivity changes from 2.6 below the aircraft to values between 2.55 (20 % albedo) and
1.65 (5 % albedo) close to the ground. The sensitivity for NO2 observation therefore10

depends on the trace gas altitude profile.
The path length of solar electromagnetic radiation through the layers below the air-

craft also depends on the respective viewing angle, which for the AirMAP instrument
reaches up to ±24◦ for level flight and even larger angles when the aircraft is banking
and turning. The influence of the LOS on the nadir AMF is small, values being only15

slightly different (< 1%) to those determined from the geometrically calculated factor.
The AMF for nadir view (AMF0 for LOS θi = 0◦) is computed with SCIATRAN, and the
correction for LOS angle θi is then based on the geometric AMFs, ÂMF0 and ÂMFθi .
With SZA θ and LOS θi , the corrected VCθi for slant viewing directions is determined
by:20

VCθi = SCθi ·
1

AMFθi

≈ SCθi ·
1

AMF0
·

ÂMF0

ÂMFθi

(7)

with the geometric air mass factor

ÂMFθi =
1

cos(θ)
+

1
cos(θi )

. (8)
25

For evaluations of the observed NO2 and calculation of VC amounts, a boundary layer
box profile of well-mixed NO2 in the lowest 1 km altitude is assumed, and the albedo
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is set to 5 %. In the vicinity of emission sources, the NO2 will not be well-mixed below
the aircraft. Using Gaussian plume dispersion, corresponding vertical profiles within an
exhaust plume have been computed, and differences between plume profile AMFs and
the box profile AMF have been investigated. The AMF for a plume at 6 km distance
used below for emission estimates (Sect. 7) differs less than a few % from the box5

profile AMF within the relevant SZA range, whereas for profiles closer to the emitting
stack, the plume is more confined and may cause a difference of about 5 % in the AMF.

6.4 NO2 vertical columns

The same observations as in Fig. 9 with nine viewing directions are depicted in Fig. 12
(top) now for the NO2 vertical columns in the area of the Ibbenbüren power plant.10

In order to assess the capability of AirMAP to monitor NO2 columns at even better
spatial resolution, the full 35 viewing directions have been analysed individually (LOS35
retrieval). For direct comparison, the full resolution retrieval result is plotted right below
in Fig. 12 (bottom). The resulting NO2 column amounts from the two different resolution
cases are consistent. Consistency has been checked also by comparing the NO2 VC15

in one viewing direction from the LOS09 retrieval with the average of the contributing
viewing directions from the LOS35 retrieval. For example, comparing VD 09 of the
LOS09 retrieval to the average of VD 32 to 35 of full resolution LOS35 retrieval, the
difference is as small as 0.4±8.5×1014 moleccm−2 within the central flight pattern.

The VC amounts of NO2 are strongly enhanced within a confined plume down-20

wind of the power plant stack as seen before. Maximum VC amounts reach up to
2.4×1016 moleccm−2, while typical values within the exhaust plume lie between 0.6 and
2.0×1016 moleccm−2. As emissions of nitrogen oxides first occur as NO which is
converted into NO2 during the transport in the plume, NO2 amounts in overpasses
closer to the stack are lower than in the overpasses further downwind. The most25

distant overpass at around 6 km reveals the largest NO2 amounts. The plume also
broadens while it is transported away from the stack. In comparison to the NO2
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amounts within the plume, surrounding NO2 values are rather small and variable below
(4±2)×1015 moleccm−2.

Figure 12 demonstrates some further features of the imaging DOAS aircraft mea-
surements. A comparably large area is covered with trace gas observations within
a relatively short time interval at high resolution. The flight pattern above the target5

area with several partly overlapping flight legs was, e.g., completed within about 80 min.
Hence, the observations with AirMAP are useful for the analysis of small scale trace
gas variability above extended areas with several tens of kilometers side length.

7 Power plant emissions

On the basis of the imaging DOAS observations, NO2 emission rates Q from the power10

plant point source are derived. For this purpose, Gauss’s divergence theorem is uti-
lized, describing the relation between the flux of a vector field through a closed surface
(which is measured) to the divergence of the vector field inside the enclosed volume
(which relates to the source strength). This relationship has also been used, e.g., by
Wang et al. (2006); Heue et al. (2008) and Krings et al. (2013). The NO2 plume is in-15

vestigated for an example overpass. In Fig. 14, the overpass over the exhaust plume is
displayed showing the NO2 measurements at a distance of around 6 km downwind of
the power plant stack. Local wind data is a prerequisite for the emission calculations.

7.1 Wind data

Information on wind speed and direction is received from the COSMO-DE regional20

model from the German Weather Service DWD. Observational data is assimilated, and
the output grid size is 2.7×2.7 km2. The altitude grid has 12 levels in the lowest kilo-
metre. For the closest grid points around the target area, wind profiles (speed and
direction) have been extracted. The wind speed on the campaign day was moderate
and increases with altitude in the boundary layer and drops to smaller values above.25
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Figure 15 shows the altitude profile of the wind speed (left) and direction (middle) for
a location close by the power plant (7.67◦ E, 52.28◦ N) for three hourly time steps at 9,
10 and 11:00 UT. Vertical changes in wind speed and direction are less pronounced at
plume overpass time after 10:00 UT than earlier in the morning. The diagram on the
right shows measurements of moisture mass mixing ratio (m.r.) and potential temper-5

ature θ. These measurements were taken about 15 km South of the example plume
overpass during a dive down at a regional airport. For each parameter, two curves for
the descent and the subsequent ascent are shown. The potential temperature as well
as the moisture profile are fairly constant within the mixed layer, while vertical gradi-
ents increase strongly above. From these measurement, a mixing layer height of about10

1300 m is estimated, and spreading of the NO2 plume takes place within this altitude
range.

Assuming Gaussian plume dispersion for the shape and development of the NO2
emission plume emerging at the stack altitude of 275 m a.g.l. the vertical plume ex-
tent can be estimated. Considering that the atmospheric stability class valid for the15

present campaign day was rated as slightly unstable (Krings et al., 2013), dispersion
leads to a substantial spreading of several hundred metres within the boundary layer
at a distance of 6 km from the stack. From this perception and the measurements of
the vertical mixing layer extent, a homogeneous distribution of NO2 below the aircraft
is assumed for the wind averaging at this location. Below the aircraft, the wind speed20

varies between 6.1 ms−1 and 9.2 ms−1 with an average of 8.3 ms−1. A small bias of
+0.7 ms−1 in the COSMO-DE wind speed data for the respective time and region has
been identified by Krings et al. (2013) in comparison to the AIMMS-20 wind probe. Tak-
ing the bias into account, a wind speed of 7.6 ms−1 is used. The wind direction varies
between 61◦ and 75◦ with an average of about 68◦. The AIMMS-20 wind probe on the25

aircraft yields a direction of 78◦ which is turned clockwise at the higher altitude of the
aircraft position above the plume in agreement with the COSMO-DE profiles. The ap-
parent plume transport from the measurements is consistent with a wind direction of
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around 70◦. For calculations, the 68◦ angle is used, and uncertainties on this value are
around ±5◦.

7.2 Calculation and discussion of the emission rate

The aircraft measurements integrate over the vertical dimension, so that the flux calcu-
lation considers the horizontal component F = VC ·u of the 3-dimensional vector field5

of NO2 transport. VC is the NO2 vertical column and u is the effective horizontal wind
vector. The source strength (emission rate) Q is thus determined from the vertical NO2
columns measured within the exhaust plume. The divergence theorem yields:

Q =
∫
A

∇FdA =
∮
L

(F ·ndl ) =
∮
L

VC ·u ·ndl (9)

10

The integral runs over an area A enclosed by the surrounding line L. The calculated
flux thus contains the emissions from all sources enclosed by L. For calculation of Q
from the experimental discrete data, the integral in Eq. (9) converts into a sum over the
observed ground pixels i :

Q =
∮
L

VC ·u ·dl ≈
∑
i

VCi ·u ·∆l i (10)15

⇒Q =
∑
i

VCi ·u ·∆li cos(β) (11)

In the last step, β is the angle between the wind vector u and the normal vector n of
the line element along flight direction ∆l (or along any other selected transect). The
product vanishes for pieces of the boundary L which are parallel to the wind direc-20

tion. Figure 13 illustrates the determination of Q from the aircraft measurements with
a simplified sketch of a plume overpass, including the parameters that enter the above
calculation. When closing the integral over the surrounding line around the power plant
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on the upwind side of the power plant, positive NO2 amounts lead to a reduction of the
resulting emission rate as the wind and line normal vectors are antiparallel.

The cross section through the plume along flight direction for one example view-
ing direction (VD 09 from the LOS09 retrieval) is seen in Fig. 16. The cross section
shows enhanced NO2 amounts around 10:12 UT up to 1.9×1016 moleccm−2 clearly5

above the background amount in a compact shape. Immediately to the sides of the
central plume, a mean vertical NO2 column of VCB = 2×1015 moleccm−2 is observed,
resulting from background NO2 concentrations and outflow from the city of Ibbenbüren.
Parts of the city of Ibbenbüren are close to the power plant and are therefore enclosed
by any possible flight track. The additional sources can influence the emission esti-10

mate if the closed line integral is determined. Alternatively, the background NO2 is
assumed constant across the plume and subtracted from the observed NO2 in order to
effectively remove additional emission sources. The emission rate is then determined
by the downwind part of the line integral over the background corrected NO2 column
VC−VCB. Calculated this way, the emission rate is slightly smaller than from the closed15

integral, however, the differences are not significant. Other local sources can therefore
be concluded to be small. Figure 17 shows the computed emission rates with respect
to the distance from the power plant location for the nine viewing directions, i.e. nine
independent results for Q. From this, the average emission rate and standard deviation
is Q = (1.1±0.3)×1024 molecs−1. The standard deviation of the derived values for Q20

is of the same magnitude as the error of the mean when considering the uncertainties
on the individual results of Q. The uncertainties on all involved quantities making up for
the error bars in Fig. 17 are discussed in Sect. 8 below.

7.3 Comparison to emission reports

The determined emission rates correspond to 82±20 gs−1 NO2. For the conversion25

into a NOx emission rate, a value for the [NO/NO2]-ratio r needs to be assumed.

QNOx
= (1+ r) ·QNO2

(12)
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A value of r = 0.25 is used (Ehhalt et al., 1992), which is reasonable as soon as steady
state is achieved, see discussions below. Following from this, the NOx emission rate
QNOx

is 103±25 gs−1 NOx in mass of NO2. The error does not include uncertainties

of the ratio r . Reports issued in the E-PRTR state an emission rate of 3060 ta−1 NOx
in mass of NO2. Extrapolating the instantaneous observations from the individual over-5

flight to an entire year, the observed annual emission rate would be 3240±800 ta−1,
consistent with the reported amounts. The extrapolation is only reasonable, either if
the emission rate is constant over the course of the year, or if the individual day was
a representative situation of typical conditions, which is both not necessarily the case.
However, the comparison shows that the plume estimate of NOx emissions and the10

reported annual average are consistent.

7.4 Limitations of the emission calculations

At example locations closer to the stack, the analysis leads to lower NOx emission
rates. The reason for this is that less of the emitted NO has been converted to the
measured NO2 (Davis et al., 1974). For application of the divergence theorem, chem-15

ical inertness of the compound or a stationary state condition needs to be assured.
However, NO2 is not inert at atmospheric conditions. For a meaningful reasoning, the
distance of the NO2 measurement from the power plant needs to be sufficiently large so
that the photochemical stationary state can be assumed as implied above. Stationary
state will evolve over the first few tens of kilometres of an exhaust plume (Davis et al.,20

1974). The actual distance required depends on wind speed and atmospheric stability
as well as chemical conversions mainly driven by reactions with O3 and photolysis.
Wind speed is moderate, and at around 6 km distance, an air parcel has traveled for
nearly 15 min from the stack. At large NO concentrations, O3 can be entirely depleted
in the plume center. NOx emissions are smaller in the present case as compared to25

(Davis et al., 1974). If O3 is not entirely depleted, conversion to NO2 and achievement
of steady state evolves faster. If steady state has not been reached, the factor r and
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hence also QNOx
would be larger than estimated above. In conclusion, estimates of the

NOx emission rate are derived here under these limitations.

7.5 Non-uniform plume dispersion

The NO2 amounts within the emission plume do not show a smooth and uniform dis-
tribution. The emission rates plotted in Fig. 17 represent nine independent results for5

Q at different distances from the stack, i.e. different times since emission. The approxi-
mate time difference between two adjacent viewing directions, taking the locations and
wind speed into account, is about 13 s, the difference between the outermost direc-
tions is about 2 min. Even from this short excerpt of the emission plume, its variability
becomes clear. Possibly the NO emissions in the first place, but mainly the chemical10

conversions and the transport process are presumably non-uniform. In this respect,
observations made with the AirMAP instrument provide a good opportunity to study
these plume processes within short time and spatial scales and covering distances of
many kilometres.

8 Error estimates15

In the calculation of the NO2 emission estimates, the following uncertainties and er-
rors are considered. All quantities from Eq. (11) contribute to the error budget, that is
the retrieved NO2 VC depending on the SCs from the DOAS retrieval and the con-
sidered AMF, the line element ∆l depending on GPS coordinates and aircraft angles,
as well as the wind speed and angle u and β. The fact, that the emission calcula-20

tion comprises the subtraction of the background amount of NO2 involves that (a)
the uncertainty of the NO2 background column amount plays a role, while (b) the
choice of the reference location for the reference spectrum I0 in the DOAS retrieval
does not affect the emission calculation, and hence also not its uncertainty. From all
considered error sources, an overall relative and additional absolute uncertainty of25
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around ±30%±2.5×1023 molecs−1 is determined for the instantaneous emission rate
QNO2

.

8.1 Uncertainties of the vertical NO2 columns

The NO2 DOAS retrieval exhibits fitting errors around 5 % for large NO2 values within
the plume. Naturally, the relative error becomes bigger for small NO2 abundances to5

the sides of the plume. Absolute errors lie in the range of 2×1015 moleccm−2. The
same absolute uncertainty applies for the background NO2 amount, determined to the
sides of the emission plume. Systematic errors induced by the choice of NO2 cross
section are in the range of a few percent, e.g., the temperature dependence causes
an uncertainty of< 2% for a temperature change from surface to 2 km of about 15 K10

(from 297 K to 282 K, based on COSMO-DE data), when using a 293 K reference cross
section.

Main uncertainties of the NO2 VC arise from assumptions necessary for the calcula-
tion of the AMF, e.g. through influences from aerosol scattering, the vertical NO2 profile
and ground albedo. While aerosol above a remotely sensed NO2 layer tends to shield15

part of the trace gas, mixed aerosol with NO2 may also lead to enhanced sensitivity,
e.g., shown for satellite specific studies (Leitão et al., 2010). The campaign day was
a fairly clean and sunny day with good visibility. Therefore, the error from assuming no
aerosol scattering in the radiative transfer is not large. Concerning the NO2 vertical pro-
file, which in general is not known, the emission plume injection height and the height of20

the mixed layer are approximately known. AMFs for different profiles, box shaped and
Gaussian plumes, as well as for different ground albedo values have been computed
(Sect. 6.3). From the related uncertainties, deviations of the AMF in the range of 25 %
are considered.
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8.2 Uncertainties of the path element length

Factors influencing the calculation of the length of the path element in the line integral
include the timing of the GPS signal, the uncertainties in the GPS positioning itself
and the aircraft orientation and altitude. In comparison to the precision and accuracy
of the GPS position and its timing, which lead to an uncertainty of a few meters only,5

the influence of the aircraft angles are the dominant ones. Also the inaccuracy of the
altitude is small in comparison. Uncertainties in the pitch and roll angles of around 0.5–
1◦ each, cause displacements on the ground leading to an overall error of around 30 m
for the geolocation. However, it is the difference in geolocation between start and end
of the measurement entering the emission calculation in Eq. (11), so that a major part10

of the systematic uncertainty of the angles will cancel. A curvature in the flight track
during overpass (cf. Fig. 14) induces an inaccuracy as the track is approximated by
straight pieces leading to a systematic but small underestimation of the track length.
Overall, the influence of the path length uncertainty is minor in comparison to the other
error sources.15

8.3 Uncertainties of the wind speed and direction

The wind speed and direction imply errors (a) due to uncertainties and inaccuracies in
the model data itself, (b) due to the finite grid size and (c) due to uncertainties in the
vertical expansion of the emission plume. Depending on the time of day and the lifting
of the boundary layer, the variation of the wind speed and direction with altitude can20

be fairly strong. From estimates of the plume vertical location and extension, related
uncertainties on the order of 10 % for the wind speed and 5 % on the cosine of relative
wind angle β are reasonable. The latter is true as long as β < 30◦ which is the case for
the analysed overpass.
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9 NO2 above motorways

As the AirMAP instrument offers high spatial resolution and good quality NO2 measure-
ments, it is worth investigating weaker and smaller NO2 sources. The flight track was
also following along motorways in Northwest Germany.

Figure 18 shows a flight section along the A1 motorway for about five minutes around5

08:50 UT. The recorded intensity is shown in the left map, where the motorway can
clearly be distinguished by higher intensity values in comparison to surrounding veg-
etation, again demonstrating the good imaging capability of AirMAP. Some bright re-
flecting fields in the Western part of the track yield even higher intensities than the
road surface. The two maps on the right cover an excerpt of the section for the re-10

flected intensity (top right) and the retrieved NO2 amounts (bottom right), all from the
LOS35 retrieval. With a flight altitude of 1500 m and an airspeed of 90 ms−1, the indi-
vidual ground pixel is 40m×45 m in across×along track size. Enhanced NO2 values of
around 5×1015 moleccm−2 are detected above the motorway. The AMF causes signal
enhancement of the NO2 amounts above the bright surface due to an increased albedo15

and will need to be considered for more precise calculations. However, while the inten-
sity (Int) is larger above the bright field than above the motorway, NO2 is only enhanced
above the road. The following values are deduced from 23 observations (ground pixels)
above the motorway and 30 observations above the bright field:
For the motorway: VC = 5±2×1015 moleccm−2 and Int = (14±2)×103 Countss−1.20

For the bright field: VC = 2±1×1015 moleccm−2 and Int = (17±3)×103 Countss−1.
The enhanced reflectivity from the road surface is therefore not sufficient to explain

the retrieved NO2 amounts. In conclusion, enhanced NO2 from the motor vehicle emis-
sions from the motorway is clearly observed.

In previous studies, Pundt et al. (2005) used a tomographic DOAS approach to mea-25

sure NO2 emissions from a German motorway, the A656, at a fixed ground location.
They found on the order of 5–10 ppb enhancement of NO2 above the background
level in the lowest few tens of meters, measurement data being collected between the
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surface and 40 m altitude. By vertically integrating these numbers, the column amount
is around 0.4–0.8×1015 moleccm−2 above background. NO2 amounts decrease with
altitude, but any NO2 present at higher altitudes originating from the traffic emis-
sions is not included. Following the Federal Road Research Institute (Bundesanstalt
für Straßenwesen, BASt), the vehicle number frequencies for the respective motorway5

sections of the A656 and A1, respectively, are both in the same range of around 55 000
vehicles on average in 24 h considering both travel directions (http://www.bast.de, last
visited 19 December 2013). The above observations from aircraft yield a column of
3.0±2.2×1015 moleccm−2 NO2 above background for the A1, which is larger than that
from the tomographic experiment over the A656, but lies in a comparable and reason-10

able range. The difference is a result of the typically strong variations in time of the
instantaneous traffic densities and flow, and is also influenced by the vertical confine-
ment of the A656 data used here from (Pundt et al., 2005). It is relevant to add, that
an overestimation of the NO2 vertical column from the AirMAP data as result of the
road surface reflectivity is not large and can not account for the difference between the15

two motorway NO2 values. Assuming an albedo of 0.2 instead of 0.05, even in a clear
Rayleigh atmosphere, the overestimation is below 23 % for NO2 at the surface, where
the albedo influence is largest (cf. Fig. 10). For elevated layers or in the presence of
aerosols, this effect is even smaller.

The ability of AirMAP to map pollutants emitted from transport is especially advan-20

tageous when aiming at the improvement of emission inventories and of the predictive
capability of regional modelling. Regular aircraft measurement campaigns focussing
on motor traffic emissions complimentary and coupled to the network of ground-based
stations may provide invaluable insight into these variable pollutant emissions and dis-
tributions.25
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10 Conclusions and outlook

The AirMAP imaging DOAS instrument has been characterised and successfully ap-
plied during airborne operation in June 2011. In its current setup, the instrument is
adjusted for measurements of NO2 column amounts below the aircraft. The AirMAP
instrument and associated data analysis differ from previous studies in several as-5

pects. The present study demonstrates the mapping of comparably small scale NO2
abundances at good spatial coverage and resolution. The wide and continuous spatial
coverage is achieved by (a) a wide field-of-view of 48◦ across track and (b) a measure-
ment sequence without temporal gaps between consecutive exposures. Independent
of flight altitude, the instrument provides smooth trace gas maps. The instrument is10

hence capable of covering large areas with trace gas observations within a compara-
bly short time. Previously reported instruments with opening angles up to 30◦ require
nearly twice the time to cover the same area. As an example, AirMAP would achieve full
coverage of a typical satellite pixel of GOME-2 (40 km×80 km) or OMI (13 km×24 km)
at a flight altitude of around 3 km, and an air speed around 80 ms−1, within 4,5 h or15

less than 1 h, respectively, with pixel sizes below 100 m side length at full resolution
(35 viewing directions).

Flexible integration of the instrument into the aircraft is facilitated through an optical
light guide with sorted fibres allowing up to 35 individual viewing directions simultane-
ously. At full spatial resolution, a ground pixel size of 30 m×30 m is enabled for present20

flight conditions. At such fine spatial resolution, accurate geolocation of the observa-
tions is required. In contrast to some previous studies on airborne NO2 measurements,
the aircraft attitude is fully taken into account. In relation to the pixel sizes, computed
displacements are significant for the investigated survey flight. Using AHRS position-
ing data, accurate geolocation during typically unlevel flight conditions and even during25

strongly curved flight tracks has been achieved. Good spatial imaging and the accurate
assignment of the observations to ground locations have been demonstrated.
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Trace gas retrievals with AirMAP benefit from good spectral stability and resolution.
The NO2 vertical column detection limit is around 2×1015 moleccm−2 for individual
0.5 s exposures from the LOS09 retrieval at across track resolution around 100 m. As
an application example, NO2 emissions of a medium sized power plant in North-West
Germany have been observed and investigated using both, a coarser resolution and5

the full spatial resolution capacity of AirMAP. The measurements demonstrate strong
spatial NO2 variability across and along track. This makes the high spatial resolution
of AirMAP particularly useful. The emission plume is clearly detected downwind of the
power plant stack, and NO2 results are consistent for the two cases of different spatial
resolution. The internal plume structure is partly non-uniform and indicates non-uniform10

behaviour of the emissions, the chemical conversions and/or local meteorology and
transport. Emission flux estimates are performed, and extrapolated results under the
given assumptions are in reasonable agreement with annual emission reports from the
power plant operators. The good spatial coverage and resolution of the AirMAP in-
strument allows specific and detailed observation and analysis of exhaust plumes and15

their temporal evolution also in future applications. At full spatial resolution, local en-
hancements of NO2 columns above a motorway have been detected and investigated
for a short flight section as an illustration of the potential of the AirMAP small scale
observations. Such observations on campaign or regular basis are invaluable for the
improvement of emission inventories and as a reference for regional modelling. The20

current spectrometer configuration was focussed on NO2, modifications in the spec-
trometer setup enables observations of other key trace gases such as formaldehyde,
HCHO, and glyoxal, CHO.CHO, as well as sulphur dioxide, SO2, water vapour, H2O,
and halogen oxides (BrO and IO).

In conclusion, the present study demonstrates the successful operation of the25

AirMAP instrument, in particular the achievement of good spatial resolution and cov-
erage, as well as the high instrument quality in terms of spatial imaging and accurate
geolocation. Good spectral quality and stability support the successful observation of
NO2 on small spatial scales. The good mapping capability of AirMap is to be used
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in the future for scientific investigations focussing on small scale spatial variability of
tropospheric trace species.
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Fig. 1. Sketch of the imaging DOAS instrument setup with two nadir viewing wide-angle ob-
jectives, one objective directing the backscattered radiation via a sorted glass fibre bundle into
an imaging spectrometer where the radiation is recorded by a frame-transfer CCD, and one
objective collecting the incoming radiation for direct scene photography and additional pointing
information.
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Fig. 2. Sketch of the in-flight viewing geometry of the imaging DOAS instrument with flight
altitude H , swath width s, single pixel length w = v · texp, flight speed v and exposure time texp,
the instantaneous FOV along track (defined by opening angle γ) and across track (opening
angle θ). The FOV across track is divided into individual viewing directions θi .
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Fig. 3. Demonstration of the good performance of the geolocation determined from the in-
strument field of view and correction by the aircraft angles during a curve. The recorded light
intensity (left) shows high reflection above the motorway also seen in the Google Earth image
(right). The motorway is observed by a composite of three differently oriented overpasses and
appears continuous and in the correct position.
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Camera image 

Flight direction 

Spectrometer CCD image 
Counts 

Fig. 4. Example scene from a flight along a highly reflecting motorway in the centre of the field
of view. Left: Visual image of the observed scene, the spectrometer field of view marked by
the blue box. Right: Intensity recording on the 2-D CCD chip with spectral information being
distributed along the horizontal axis and spatial information on the vertical axis. The horizontal
stripes on the CCD image are caused by the 35 light fibres, the enhanced intensity from the
bright motorway being visible only in one of the fibres.
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Fig. 5. Experimental slit functions of the AirMAP instrument for campaign conditions in June
2011. Spectral resolution lies between 0.5 and 1.0 nm for the central and the outer viewing
directions, respectively.
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Fig. 6. Excerpt of the NO2 timeseries measured at high temporal resolution (0.5 s exposure
time) during the flight on 4 June 2011, here for three of nine viewing directions, VD 01, VD 05
and VD 09, offset to one another for better visibility. Strong spatial variation of NO2 amounts is
visible along the time axis (along track) as well as between the single viewing directions (across
track).
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Fig. 7. Example NO2 fit results for 4 June 2011, 10:11:47 UT, for three of nine different viewing
directions, VD 01, VD 05 and VD 09. The respective NO2 slant columns are given in the figures.
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Fig. 8. Histograms for the distribution and variability of NO2 amounts in three of nine different
viewing directions used for uncertainty analysis. Data used for this figure is recorded three
minutes around the one minute reference (I0 in the DOAS fit).
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N 

E 

Fig. 9. Map of NO2 slant columns measured during the flight on 4 June 2011 above the area
around power plant Ibbenbüren. The elevated levels of NO2 are clearly visible in the exhaust
plume downwind of the power plant stack. In the bottom right corner, the wind direction is
indicated.
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Fig. 10. Box air mass factors for NO2 calculated with SCIATRAN for flight geometries, 1.1 km
flight altitude, 40◦ SZA and different ground reflectance values.

3636

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/3591/2014/amtd-7-3591-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/3591/2014/amtd-7-3591-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 3591–3644, 2014

Imaging DOAS
instrument for trace
gas mapping from

aircraft

A. Schönhardt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 11. Air mass factors for NO2 and their SZA dependence for different ground reflectance
values for a NO2 box profile of a mixed layer in the lowest 1 km.
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Fig. 12. Map of NO2 vertical columns above the Ibbenbüren power plant exhaust plume for
division of the field of view into 9 LOS (top) and 35 LOS (bottom). The retrieved slant columns
from Fig. 9 and AMF from Fig. 11 (albedo 0.05, blue curve) have been used. Good consistency
of NO2 amounts is achieved independent of the LOS division.
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Fig. 13. Sketch illustrating the emission flux calculation from AirMAP data for an example plume
overpass with wind vector u, line element ∆l , flight track normal vector n, angle β and NO2
vertical column VC(NO2). The contributions i to the emission source strength Q (Eq. 11) are
summed up along the transect.
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Fig. 14. Overpass at around 10:12 UT over the NO2 plume at a distance of around 6 km from
the power plant used for the emission flux calculation.
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Fig. 15. Example vertical profiles of wind speed (left) and wind direction (middle) from the
COSMO-DE model on 4 June 2011 at three time steps (09:00, 10:00 and 11:00 UT) for the
location 7.67◦ E, 52.28◦ N close to Ibbenbüren power station, as well as potential temperature,
θ, and water vapour mixing ratio, m.r., measured during a dive down South of the power plant
(right).
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Fig. 16. Cross section of NO2 vertical columns through the exhaust plume at around 10:12 UT
and a distance of around 6 km from the power plant used for the emission flux calculation.

3642

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/3591/2014/amtd-7-3591-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/3591/2014/amtd-7-3591-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 3591–3644, 2014

Imaging DOAS
instrument for trace
gas mapping from

aircraft

A. Schönhardt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 17. Emission flux estimates from the plume overpass at around 6 km distance for the nine
different viewing directions.
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Fig. 18. Flight section along the motorway A1 in Northwest Germany. The recorded intensity
(left) is enhanced above the motorway and in addition above bright fields. The two maps on
the right show an excerpt of the flight section, the recorded intensity (top) and the NO2 VC
(bottom). The reflected intensity is enhanced above the motorway and even more above a field
on the western side of the swath. NO2 amounts above the motorway are also enhanced, but
not above the bright field.
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