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Abstract

Many relevant processes in tropospheric chemistry take place on rather small scales
(e.g. tens to hundreds of meters) but often influence areas of several square kilometer.
Thus, measurements of the involved trace gases with high spatial resolution are of
great scientific interest. In order to identify individual sources and sinks and ultimately
to improve chemical transport models, we developed a new airborne instrument, which
is based on the well established DOAS method. The Heidelberg Airborne Imaging
Differential Optical Absorption Spectrometer Instrument (HAIDI) is a passive imaging
DOAS spectrometer, which is capable of recording horizontal and vertical trace gas
distributions with a resolution of better than 100 m. Observable species include NO,,
HCHO, C,H,0,, H,0, O3, O4, SO,, 10, OCIO and BrO.

Here we report a technical description of the instrument including its custom build
spectrographs and CCD detectors. Also first results from measurements with the new
instrument are presented. These comprise spatial resolved SO, and BrO in volcanic
plumes, mapped at Mt. Etna (Sicily, Italy), NO, emissions in the metropolitan area of
Indianapolis (Indiana, USA) as well as BrO and NO, distributions measured during
arctic springtime in context of the BROMEX campaign, which was performed 2012 in
Barrow (Alaska, USA).

1 Introduction

To date there are a series of remote sensing techniques which allow the retrieval of
two dimensional trace gas distributions in the atmosphere on various scales. Satellite
observations (e.g. GOME, GOME-2, OMI, SCIAMACHY) provide two-dimensional dis-
tribution patterns on a global scale; however, the resolution is still rather coarse (several
tens of km). On smaller scales (several km) tomographic inversion methods have been
applied (Laepple et al., 2004; Pdhler, 2010). The resolution of this method depends
on the number of light paths, therefore a high spatial resolution can only be achieved
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by installing a large number of instruments (Hartl et al., 2006). Another possibility are
airborne measurements.

During recent decades a variety of airborne DOAS-measurements were reported
(e.g., Wahner et al., 1990; Pfeilsticker and Platt, 1994; McElroy et al., 1999; Petritoli
et al., 2002; Melamed et al., 2003; Bruns et al., 2004, 2006; Heue et al., 2005, 2008;
Wang et al., 2005, 2006; Dix et al., 2009; Merlaud et al., 2011, 2012; Prados-Roman
et al., 2011; Baidar et al., 2013) taking place at different flight altitudes and regions
of the globe. The aim of these measurements ranged from studies of stratospheric
chemistry to tropospheric point source emissions, but only a few of them applied imag-
ing instrumentation to achieve 2-dimensional spatially resolved trace gas distributions
(e.g., Heue et al., 2008). The achievable measurement accuracy and spatial resolution
of such Imaging-DOAS (I-DOAS) instruments varies significantly, depending on the
particular instrument and application. Here we present the new Heidelberg Airborne
Imaging Differential Optical Absorption Spectrometer Instrument (HAIDI), which can
directly observe trace gas distributions at a spatial resolution of better than 100 m with
improved accuracy. Also vertical profiles of trace gases and aerosols can be derived,
allowing a three-dimensional reconstruction of the trace gas distribution. Moreover,
a series of species can be observed simultaneously, e.g. NO,, SO,, BrO, 10, HCHO,
C,H,0,, H,0, O; and O,. Based on the observed patterns of trace gas distributions,
sources and sinks of these species can be quantified and chemical processes including
conversion rates and atmospheric lifetimes may be analyzed. I-DOAS instrumentation
has already been successfully used in the past. For instance, BrO formation in volcanic
plumes has been studied using ground-based I-DOAS measurements (e.g., Louban,
2005; Bobrowski et al., 2007). On a larger scale satellite data have been used to quan-
tify the strength of ship emissions based on SCIAMACHY NO, distribution patterns
in the Indian Ocean (Beirle et al., 2004) or emission from cities (Beirle et al., 2011).
Due to the high spatial resolution of our HAIDI instrument, independent sources lo-
cated close to each other may be resolved and quantified separately. The results can
be used for the validation of chemical transport models. Moreover, the variability of
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trace gas concentrations within a satellite pixel is one of the major issues that can be
addressed with the new imaging DOAS instrument.

In the following the general outline and principle of operation of HAIDI is presented.
Furthermore different configurations of the system are shown, which were employed to
adapt the system to a range of aircraft types. Up to now HAIDI was used on smaller air-
crafts (ultralight and twin-engine propeller plane) for a total of 18 measurement flights.
Some exemplary results from these flights are presented here, including the distribution
of SO, and BrO in the emission plume of Mt. Etna (Sicily, Italy), the NO, distribution
over the metropolitan area of Indianapolis (Indiana, USA) as well as BrO and NO, in
the polar boundary layer around Barrow (Alaska, USA), measured in the context of the
BRomine, Ozone, and Mercury EXperiment (BROMEX) campaign (see Table 1). For fu-
ture measurements it is planned to use HAIDI on the German research aircraft HALO
(modified businesses jet), which flies at an altitude of up to 15km. The instrumental
setup for HALO is also presented here.

2 The Heidelberg Airborne Imaging DOAS Instrument (HAIDI)

The HAIDI system was build with the intention to take hyperspectral images (images
with two or three spatial dimensions, where each pixel contains additional spectral
information) of large areas with high spatial resolution and in the shortest possible time,
to capture also high dynamic processes. Therefore the requirements to an instrument
carrier are best fulfilled by an aircraft, which is not bound to roads and not restricted by
physical features of the ground, like woods, rivers or hills. It can cover large distances
in relatively short time and its high flight altitude allows to overview greater areas at
once. At the same time the flight altitude is still low enough to achieve a high spatial
resolution compared to satellite measurements. By using the DOAS method (Platt and
Stutz, 2008), the spectral information within each pixel of the hyperspectral images
can be translated into the column density of one or several trace gases. This data can
subsequently be assembled into maps to reveal the spatial distribution of the trace
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gases along various dimensions in space, depending on the choice of the instruments
viewing geometry.

2.1 Remote sensing techniques for hyperspectral imaging

Various methods exist to obtain hyperspectral images from remote sensing observa-
tions on satellites or aircrafts. Two commonly used are the whiskbroom and the pushb-
room scanning technique (Schowengerdt, 2006). Both techniques are based on the de-
tection of light dispersed by a prism or grating in order to obtain the spectral information
of the images. However, the usage of the detector and the way images are acquired is
very different. Each pixel of such a hyperspectral image is in principle a 3-dimensional
dataset with two spatial dimensions and a third spectral one. Thus, the acquired data
can be illustrated by a so-called hyperspectral cube. Figure 1 illustrates the measure-
ment principle of the two techniques by means of the hyperspectral cube. The displayed
cube is spanned by two spatial axes (x, y) and a third spectral one (/(1)). To acquire
a hyperspectral image the full cube has to be scanned, i.e. information about each el-
ement of this 3-dimensional space has to be collected. The whiskbroom scanner uses
its whole detector to record spectral information only (no information along x or y axis),
therefore every pixel of the hyperspectral image has to be taken separately. The two
missing spatial dimensions are acquired via scanning. In this case the scanning in one
dimension is achieved by the motion of the instrument carrier (aircraft, satellite, etc.)
and the other dimension by a scanning prism or mirror that changes the instrument’s
viewing direction perpendicular to the flight track (e.g. nadir scanner in Fig. 2). The
pushbroom technique instead requires a 2-dimensional detector (e.g. CCD-Array) be-
cause here the detector records spectral information along with one spatial dimension
(x or y) simultaneously. The remaining spatial dimension is then also acquired through
the motion of the instrument. This means that the pushbroom scanner can take a whole
row of pixel, also called a swath, at once (e.g. forward telescope in Fig. 2).
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2.2 Measurement principle of HAIDI

In practice, both scanning techniques (whiskbroom and pushbroom) described in
Sect. 2.1 have their advantages and disadvantages (see Table 2). Therefore it de-
pends on the particular application and possible restrictions which of these techniques
is suited best for the measurement of trace gas distributions. HAIDI is designed in
such a way that it can be used with both techniques. This allows to reach a maximum
of flexibility. In total HAIDI can operate up to three fully independent passive DOAS
instruments working with either the whiskbroom or the pushbroom technique. Each
instrument features a telescope system to analyze scattered solar radiation between
300nm and 407 nm (shiftable to 350 nm—457 nm) with a spectral resolution of about
0.5nm. To cover a preferably large area with one overflight the HAIDI system always
uses a whiskbroom scanner in nadir direction, as the scanning prism can cover a very
wide field of view (FOV) across track without requiring a large or complex entrance
optics. Moreover, the field of view can be easily changed by software according to the
requirements of a particular mission (see Sect. 2.3). A drawback of the whiskbroom
technique is that the spatial resolution varies with the scan angle of the system. This
is caused by an increasing distance between entrance optics and ground towards the
ends of a swath. Because of the resulting shape of the swath this is called the bow tie
effect. The pushbroom technique does not suffer from this effect (other than caused
by the curvature of the Earth) because here the varying distance is compensated by
a likewise changing distance between the optical center of the lens and the individual
fibers in the fiber column on the telescope side (see Fig. 5).

With the whiskbroom scanner applied in nadir direction the horizontal distribution
of trace gases can be determined. To get also the vertical profile of tropospheric ab-
sorbers, one of the following approaches can be used:

— Multiple whiskbroom scanners: the installation of HAIDI aboard the HALO re-
search aircraft (see Sect. 4.3) is intended to use a set of three whiskbroom scan-
ners pointed to different downward directions and thus to retrieve the vertical trace
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gas distribution by tomographic inversion methods applied to the different lines of
sight (e.g. Heue, 2005). Because HALO flies at high altitude, much higher than
the investigated air masses, this setup is most suitable to obtain vertical profile
information. Whiskbroom scanners have furthermore the advantage of a constant
spectral property for all viewing directions. Since the CCD detector is not oper-
ated in imaging mode, a whiskbroom scanner also does not need a mechanical
shutter or equivalent techniques like Frame Transfer CCDs, which will reduce the
sensitive area of the detector.

— Pushbroom scanner: if vertical profile information is required for trace gases and
aerosols at, or close to, the flight altitude with high vertical resolution, the setup
with three nadir looking whiskbroom scanners is not suited. Instead one system
is looking in forward direction, covering a range of elevation angles around 0°. For
this purpose a pushbroom scanner is applied in limb geometry. In principle also
a whiskbroom scanner can be used for the limb direction, but this has so far not
been implemented because of space restrictions. A pushbroom scanner can be
more compact due to the lack of motorized optics and in addition it is beneficial
for the later profile retrieval that it measures all elevation angles at the same time
(no need to compensate for different aircraft positions and orientations). However,
since the detector of a pushbroom scanner records spectral and spatial informa-
tion at the same time it takes much longer (up to 300 ms) to read out the CCD
compared to a whiskbroom scanner. In this time the detector is not sensitive to
incident light (closed shutter), which reduces the achievable signal-to-noise ratio.

The general measurement principle and geometry of the HAIDI system is illustrated
in Fig. 2. This setup uses both scanning techniques (one whiskbroom scanner in nadir
direction and one pushbroom scanner in forward direction) and is especially used for
smaller, low flying aircrafts. An overview to the different instrumental setups of the
HAIDI system can be found in Sect. 4. Independent of the used scanning technique,
all setups are working on the same principle. Solar radiation with the intensity /(1) is
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passing Earth’s atmosphere and is thereby partly absorbed by different trace gases
and aerosols. This light is then reflected on the ground or scattered in the atmosphere
by Rayleigh and Mie scattering before it is collected by HAIDI’s telescopes with the re-
maining intensity /(1). As can be seen in Fig. 2, the instantaneous field of view (IFOV)
of the telescopes differs for the two scanning techniques. Due to the reasons discussed
above, the whiskbroom scanner has to record all pixel sequentially in order to obtain
hyperspectral images. Because of the aircraft’'s motion during the scan this leads to
a diagonal strip pattern of the observed area which is typical for the whiskbroom tech-
nique. Each strip is called a swath and currently consists of up to 128 scans which are
taken while the whiskbroom scanner moves the viewing direction of the telescope along
one swath. The IFOV of the forward-looking telescope covers all viewing directions at
the same time instead, but has only a narrow total FOV due to the restrictions of the
pushbroom technique. In case of the nadir observations the results from the following
DOAS analysis (Sect. 3.1) can then be plotted into spatial maps by reconstructing the
path taken by the light from the sun to the telescopes (Sect. 3.2).

Beside the entrance optics, HAIDI features a temperature stabilized spectrograph-
detector unit (Sect. 2.5) for each whiskbroom or pushbroom scanner in order to dis-
perse and detect the gathered light. These are stored in a special instrument rack
inside the aircraft and are connected to the entrance optics by a fiber-optical system
of several meter length. In the following sections the different components of the HAIDI
system are described in detail, beginning with the entrance optics for the whiskbroom
and pushbroom scanners.

2.3 The nadir scanner (whiskbroom)

The entrance optics of the nadir scanner is usually pointed to the downward direction

of the aircraft in order to scan the ground beneath. Light collected by its telescope

is therefore mainly ground-scattered (see Sect. 3.2.1). The technical setup (Fig. 3)

essentially consists of a servo actuated prism that sweeps the viewing direction of

the instrument perpendicular to the flight direction and a telescope that couples the
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collected light into a fiber optics cable. The fiber optics cable then transfers the light to
a temperature stabilized spectrograph inside the aircraft (see Sect. 2.5).

Viewed from the telescope side, the first part of the fiber optics cable consist of
a mono fiber (single optical fiber) with a core diameter of 1250 um. Attached to this
mono fiber is a fiber bundle with a length of 5m via standard F-SMA (SMA 905) fiber
optic connector. The bundle consists of 31 individual fibers with a core diameter of
150 um which are arranged as a circular bundle with maximum density at the coupling
and as a column at the spectrograph side, forming its entrance slit. The mono fiber is
connected upstream to the bundle in order to mix the incident light from the telescope,
so that all fibers at the spectrographs entrance slit are illuminated homogeneously with
the same spectral information during the measurements. This is necessary because
the instrument’s slit function is not constant over the height of the detector and a varying
weighting of individual detector parts due to an inhomogeneous illumination of the
slit would cause changes in the overall instrumental slit function. This in turn would
result in residual structures during the DOAS analysis, when comparing the Fraunhofer
reference spectrum to a measurement spectrum (Sect. 3).

The nadir scanner uses a quartz prism instead of a mirror to redirect incident light into
its telescope, because the reflectivity of metallic surfaces (mirror) changes as a func-
tion of polarization direction. As the sunlight becomes partly polarized by scattering in
the atmosphere (Liou, 2002), a mirror can act as a polarization filter and thus affect the
sensitivity of the system to different components in the incident radiation. The total inter-
nal reflection of a prism instead is polarization-independent. Only the reflectivity of the
prism surfaces varies slightly with polarization direction due to Fresnel reflection. How-
ever, Fresnel reflection can significantly be reduced by the application of anti-reflection
coatings.

In order to reach a maximum light throughput and thus a high signal-to-noise ratio at
short integration times (see Sect. 2.5.4) the numerical apertures (NA) of HAIDI's opti-
cal components are adapted to give the best matching (NAg,s = 0.25, NAj,e, = 0.22,
NAspectrograph = 0.16). The nadir scanner’s telescope has furthermore a focal length of
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48.1 mm at 350 nm, which yields an instantaneous field of view (IFOV) of @, = 1.5
(see Fig. 2) with the core diameter of the mono fiber (1250 um). Thus, for an assumed
flight altitude of 1500 m, the ground projected instantaneous field of view (GIFOV) of
the telescope will be about 40m x 40m. The total angle a;, covered by the whiskb-
room scanner during one swath is called its field of view (FOV) and is typically set to
50°. Therefore the swath width equals approximately the flight altitude above ground
level (a.g.l.). Because of the motion of the aircraft and the prism during a scan, the
actual spatial resolution achieved by the instrument depends on several factors, like in-
tegration time, aircraft speed, prism rotation speed and number of co-added scans. The
size of one ground pixel (scanned area according to the number of co-added scans)
can approximately be given by the following equations:

Qinst
P|| = (Ngwath — 1) X fint X Nscan, total X Vair + tan (%) X hagl x2 (1)
a n Qa;
P, = (tan (ﬂ> x Scal +tan ( '”St>) X Mgy % 2 (2)
2 Nscan, total ~ Mscan, back 2

where P” is the pixel size in flight direction (Fig. 2), P, the pixel size perpendicular
to the flight direction, ng,.:, the number of co-added swaths, ng.,, the number of co-
added scans within a swath, ng.,, (o1a the total amount of scans taken during one
swath (typically 128), t;; the integration time of a single scan, Ny, pack the quantity
of scans taken during back sweep (Ngcan, pack = t?%ﬂ‘:k fhack ~ 250ms), h, the altitude of
the aircraft above ground level and v,;, the aircraft speed.

The exact ground projected field of view (GFOV) of the whiskbroom scanner, con-
sidering perspective distortion and flight parameters like pitch and roll, can noticeably
differ from this estimate and only be determined by a much more complex algorithm.
Figure 4 illustrates such a simulated GFOV for HAIDI’s whiskbroom scanner pointed
to the nadir direction. The plots contain two consecutive swaths each, marked in red
(1st swath) and blue (2nd swath) to show the areal coverage of the scanner. To get
the best areal coverage, the gap between consecutive swaths should be as small as
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possible. The distance between two swaths depends on a number of parameters, e.g.
flight altitude above ground level, aircraft speed, integration time and number of scans
per swath. However, in general the distance covered by the aircraft during the time for
one swath should be equal to the extend of the GIFQV in flight direction, dgroy, in
order to minimize the gap and avoid overlap:

!
Vair X fint X Nscan, total & daiFov (3)

Because the aircraft speed usually cannot be influenced and the integration time per
scan depends on the intensity of incident light, the distance between two swaths is
typically adjusted by choosing a different number of scans per swath (1 to 128).

For later plotting of the measured data into spatial maps, it is important to know the
exact deflection angle @ (see Fig. 2) of the whiskbroom scanner’s prism for each single
scan of a swath. For this reason, the PWM signal that controls the motion of the servo
motor is synchronized with the recording of the scans (Sect. 2.5.2). Together with infor-
mation from the aircrafts GPS (latitude, longitude, altitude) and inertial measurement
unit (pitch, roll and heading angles) the measured data can then be plotted in a map at
the position of the particular GFOV with high spatial accuracy.

2.4 The forward-looking telescope (pushbroom)

The entrance optics of the forward-looking instrument collects scattered sunlight from
directions close to the horizon (Fig. 2). This viewing geometry yields very long absorp-
tion paths, giving the system a high sensitivity to absorbing trace gases, especially
close to the flight altitude (see Sect. 3.2.3). For this reason the forward-looking tele-
scope is suited best for the profile retrieval of tropospheric absorbers on smaller, low
flying aircrafts.

Due to space restrictions on these aircrafts, the entrance optics of the forward-
looking system has to be compact and lightweight. This could be achieved with
the pushbroom technique, where no motorized scanning mechanism is required
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(Sect. 2.2). With the pushbroom technique spectral information is recorded along the
rows of the CCD array, while the column-direction of the detector is used to image the
different elevation angles of the instrument simultaneously. Thus, unlike the whiskb-
room technique, the pushbroom technique requires a fiber optical cable that preserves
spatial information and a spectrograph-detector unit with imaging capabilities. There-
fore, the fibers of the fiber optics bundle are arranged into columns at both ends with
corresponding fiber ends having the same position in the column. In total the fiber op-
tics bundle has a length of 5 m and consists of 31 individual fibers with a core diameter
of 150 um each (diameter with cladding: 190 um). Also in this case the exit end of the
fiber bundle directly acts as the entrance slit of the imaging spectrograph. The other end
is placed in the focal point of the telescope. Due to the different distances of the fibers to
the optical axis of the telescope, this results in 31 different viewing directions/elevation
angles. As the height of the fiber columns is about 5.9 mm (31 um x 190um), the tele-
scope (lens: d = 25mm, f = 48.1mm) yields a total vertical viewing angle of about 7°.
The horizontal viewing angle of the telescope is ~ 0.2° and corresponds to the vertical
viewing angle of a single fiber. The exact orientation of the instrument depends on the
scientific question. If plumes are investigated close to the flight altitude (campaign |
in Table 1), it is adjusted approximately to the horizon for the expected average pitch
angle during flight. For the campaigns Il and Ill more sensitivity at low altitudes was
required, thus the range was set to elevation angles between —5° and +2°.

2.5 Spectrometer and detector

HAIDI’'s imaging spectrometers and CCD detectors are of identical design and can be
used with the whiskbroom scanner setup and the pushbroom setup as well. In the
current state up to three spectrometers and detectors can be housed in HAIDI’s instru-
ment rack (Fig. 6), which is a modified 19-inch aluminum rack with a height of 6 rack
units (19in x 20in x 10.5in). In addition to spectrograph mountings that withstand load
factors of at least 9 times the acceleration due to gravity, the instrument rack also fea-
tures a temperature-stabilized section for the spectrographs and DC-to-DC converters
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to power the nadir scanner servo motors. The temperature stabilization is realized by
an Air-to-Air Peltier (PE-127-14-11-S from Supercool) system controlled by a custom
build electronics for heating and cooling. This system uses four temperature sensors
(ADT7410 from Analog Devices) to monitor the internal air and spectrograph tempera-
ture. In order to minimize the heat transfer into the temperature stabilized volume, the
internal air temperature is normally set to a value close to ambient temperature. Fur-
thermore the temperature stabilized compartment of the housing (see Fig. 6) is lined
with a 10 mm layer of PE-foam (MP15FR from Wulfmeyer) for thermal insulation and
includes only the spectrographs and no heat producing electronics. Thus, the temper-
ature stabilization can usually work on low power consumption (< 10W). Due to the
high thermal capacity of the aluminum spectrographs (~ 2.7 kJ K per spectrograph)
it takes some time to equilibrate the spectrograph temperature to the air temperature
inside the rack (about 1 h for a temperature difference of 5K) bu