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Abstract. Many relevant processes in tropospheric chem-1 Introduction
istry take place on rather small scales (e.g., tens to hun-
dreds of meters) but often influence areas of several squar€o date, there are a series of remote sensing techniques which
kilometer. Thus, measurements of the involved trace gasesllow the retrieval of two dimensional trace gas distributions
with high spatial resolution are of great scientific interest. in the atmosphere on various scales. Satellite observations
In order to identify individual sources and sinks and ulti- (e.g., GOME, GOME-2, OMI, SCIAMACHY) provide two-
mately to improve chemical transport models, we developeddimensional distribution patterns on a global scale; however,
a new airborne instrument, which is based on the well estabthe resolution is still rather coarse (several tens of km). On
lished Differential Optical Absorption Spectroscopy (DOAS) smaller scales (several km), tomographic inversion methods
method. The Heidelberg Airborne Imaging DOAS Instru- have been applied_@epple et a].2004 Pohler 2010. The
ment (HAIDI) is a passive imaging DOAS spectrometer, resolution of this method depends on the number of light
which is capable of recording horizontal and vertical trace paths, therefore a high spatial resolution can only be achieved
gas distributions with a resolution of better than 100 m. Ob-by installing a large number of instrumentslgftl et al,
servable species include NOHCHO, GH»03, H,0, Os, 2006. Another possibility are airborne measurements.
Oy, SOy, 10, OCIO and BroO. During recent decades a variety of airborne Differen-
Here we give a technical description of the instrument in-tial Optical Absorption Spectroscopy (DOAS) measurements
cluding its custom-built spectrographs and CCD detectorswere reported (e.gWahner et al. 1990 Pfeilsticker and
Also first results from measurements with the new instru-Plat 1994 McElroy et al, 1999 Petritoli et al, 2002
ment are presented. These comprise spatial resolved®D Melamed et a].2003 Bruns et al. 2004 Heue et al.2005
BrO in volcanic plumes, mapped at Mt. Etna (Sicily, Italy), Wang et al,2005 Bruns et al.2006 Wang et al.2006 Heue
NO, emissions in the metropolitan area of Indianapolis (In- et al, 2008 Dix et al,, 2009 Merlaud et al. 2011, Prados-
diana, USA) as well as BrO and Nd@istributions measured Roman et al.2011, Merlaud et al.2012 Baidar et al.2013,
during arctic springtime in context of the BRomine, Ozone, taking place at different flight altitudes and regions of the
and Mercury EXperiment (BROMEX) campaign, which was globe. The aim of these measurements ranged from studies
performed 2012 in Barrow (Alaska, USA). of stratospheric chemistry to tropospheric point source emis-
sions, but only a few of them used Imaging-DOAS (I-DOAS)
techniques to acquire 2-dimensional spatially resolved trace
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gas distributions (e.gHeue et al. 2008 Kowalewski and 2 The Heidelberg Airborne Imaging DOAS
Janz 2009 Popp et al.2012. I-DOAS techniques are well Instrument (HAIDI)
established in remote sensing and were successfully used in
many applications in the past. For instance, BrO formationThe HAIDI system was built with the intention to retrieve
in volcanic plumes has been studied using ground-based lhyperspectral images (images with two or three spatial di-
DOAS measurements (e.¢rouban 2005 Bobrowski et al. mensions, where each pixel contains spectral information)
2007). On a larger scale, satellite data have been used tof large areas with high spatial resolution and in the short-
guantify the strength of ship emissions based on SCIA-est possible time, to capture also high dynamic processes.
MACHY NO» distribution patterns in the Indian Ocean Therefore, the requirements to an instrument carrier are best
(Beirle et al, 2004 or emission from citiesReirle et al, fulfilled by an aircraft, which is not bound to roads and not
2011. restricted by physical features of the ground, like woods,
Here we present the new Heidelberg Airborne Imagingrivers or hills. It can cover large distances in relatively short
DOAS Instrument (HAIDI), which can directly observe trace time and its high flight altitude allows to overview greater ar-
gas distributions at a spatial resolution of better than 100 meas at once. At the same time, the flight altitude is still low
with high accuracy. Vertical profiles of trace gases can also benough to achieve a high spatial resolution compared to satel-
derived, allowing a three-dimensional reconstruction of thelite measurements. By using the DOAS meth&daft and
trace gas distribution. Moreover, a series of species can b&tutz 2008, the spectral information within each pixel of the
observed simultaneously, e.g., NGO, BrO, 10, HCHO,  hyperspectral images can be translated into the column den-
CoH202, H20, O3 and Q. Based on the observed patterns sity of one or several trace gases. This data can subsequently
of trace gas distributions, sources and sinks of these specid®e assembled into maps to reveal the spatial distribution of
can be quantified and chemical processes including convetthe trace gases along various dimensions in space, depend-
sion rates and atmospheric lifetimes may be analyzed. Due ting on the choice of the instrument’s viewing geometry.
the high spatial resolution of our HAIDI instrument, individ-
ual sources located close to each other may be resolved arfll Remote sensing techniques for
quantified separately. The results can be used for the valida-  hyperspectral imaging
tion of chemical transport models. Moreover, the variability
of trace gas concentrations within a satellite pixel is one ofVarious methods exist to obtain hyperspectral images from
the major issues that can be addressed with the new imagingemote sensing observations on satellites or aircraft. Two
DOAS instrument. commonly used are the “whiskbroom” and the “pushbroom”
The general principle of operation of HAIDI is presented scanning techniquesghowengerd®2006. Both are spectro-
in Sects.2-2.2 of this article, followed by a detailed de- scopic techniques and therefore rely on the detection of light
scription of the system’s main components, like entrance opdispersed by a prism or grating in order to obtain the spec-
tics, spectrographs, and charge-coupled device (CCD) cantral information of the images. However, the usage of the
eras (Sect2.3-2.7). Sections3 and4 give an overview of  detector and the way images are acquired is very different.
the DOAS retrieval procedure and the software used for datad hyperspectral image is in principle a 3-dimensional data
acquisition. Furthermore, different configurations of the sys-set with two spatial dimensions and a third spectral one. The
tem are shown (Seds), which were deployed to operate the acquired data can thus be illustrated by a so-called hyper-
system on a range of aircraft types. Up to now, HAIDI was spectral cube. Figurgillustrates the measurement principle
used on smaller aircraft (ultralight and twin-engine propeller of the two techniques by means of the hyperspectral cube.
plane) for a total of 18 measurement flights. Some exemplaryThe displayed cube is spanned by two spatial axesy)
results from these flights are presented in S@cincluding  and a third spectral oné.). To acquire a hyperspectral im-
the distribution of S@and BrO in the emission plume of Mt. age the full cube has to be scanned, i.e., information about
Etna (Sicily, Italy), the NQ@ distribution over the metropoli- each element of this 3-dimensional space has to be collected.
tan area of Indianapolis (Indiana, USA) as well as BrO andThe whiskbroom scanner uses its whole detector to record
NO; in the polar boundary layer around Barrow (Alaska, spectral information only (no information alongor y axis),
USA), measured in the context of the BRomine, Ozone, andherefore every pixel of the hyperspectral image has to be
Mercury EXperiment (BROMEX) campaign (see Talile taken separately. The two missing spatial dimensions are ac-
For future measurements it is planned to use HAIDI on thequired via scanning. In this case, the scanning in one di-
German research aircraft HALO (modified businesses jet)mension is achieved by the motion of the instrument carrier
which flies at an altitude of up to 15km. The instrumental (aircraft, satellite, etc.) and the other dimension by a scan-
setup for HALO is also presented here. ning prism or mirror that changes the instrument’s viewing
direction perpendicular to the flight track (e.g., nadir scan-
ner in Fig.2). The pushbroom technique instead requires a
2-dimensional detector (e.g., CCD-array), because here the
detector records spectral information along with one spatial
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Table 1.List of conducted measurement campaigns to date, with corresponding time period and number of flights.

Campaign Base airport Date of first flight  Date of last flight ~ Total number of flights
I Calatabiano, Sicily (ltaly) 07/07/2011 09/07/2011 4
I West Lafayette, Indiana (USA)  23/10/2011 25/10/2011 3
Il Barrow, Alaska (USA) 13/03/2012 31/03/2012 11

Pushbroom

with a spectral resolution of about 0.5 nm. To cover a prefer-
ably large area with one overflight, the HAIDI system always
uses a whiskbroom scanner in nadir direction, as the scan-
ning 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 soft-
ware according to the requirements of a particular mission
(see Sect2.3). 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 en-
trance optics and ground towards the ends of a swath. Be-
cause of the resulting shape of the swath this is called the bow
tie effect. The pushbroom technique does not suffer from this

Figure 1. The hyperspectral cube is an often used schematic to vi )
sualize the different recoding techniques in hyperspectral imaging.ef-reCt (other than caused by the curvature of the Earth) be

Two dimensions of the cube represent the spatial dimensions of thgause_here.the varying distance is c_ompensated by a likewise
image , y), while the third axis represents the spectral dimension changing distance between the optical center of the lens and
(i.e_’ the Wa\/e|ength)_ For Spectra| images the whole cube has to the indiVidUaI fiberS in the ﬁber CO|umn on the teleSCOpe Side
be scanned. As can be seen, the whiskbroom technique can onfsee Fig5).

acquire one pixel at a time with spectral information. So, scanning With the whiskbroom scanner applied in nadir direction,

in two spatial dimensions is necessary to take spectral images. Ththe horizontal distribution of trace gases can be determined.
pushbroom technique records a whole swath with spectral informaTo get also the vertical profile of tropospheric absorbers, one
tion at once and only needs to scan in one spatial dimension. Axf the following approaches can be used:

camera equipped with band-pass filters can take both spatial dimen-
sions at once but will only contain spectral information from one
narrow wavelength range.

Intensity

Filtered

‘Whiskbroom Camera

Scanner

— Multiple downward scanners:The installation of
HAIDI aboard the HALO research aircraft (see
Sect.5.3) is intended to use a set of three whiskbroom
scanners pointed to different downward directions and
thus to retrieve the vertical trace gas distribution by to-
mographic 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 further-
more the advantage of a constant spectral property for
all viewing directions. Since the CCD detector is not
operated in imaging mode, a whiskbroom scanner also
does not need a mechanical shutter or equivalent tech-
niques like frame transfer CCDs, which will reduce the
sensitive area of the detector.

dimension £ or y) simultaneously. The remaining spatial di-
mension is then also acquired through the motion of the in-
strument. This means that the pushbroom scanner can take a
whole row of pixel, also called a swath, at once (e.g., forward
telescope in Fig2).

2.2 Measurement principle of HAIDI

In practice, both scanning techniques (whiskbroom and
pushbroom) described in Se2t1 have their advantages and
disadvantages (see Tal2le Therefore, it depends on the par-
ticular 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 instru-
ment features a telescope system to analyze scattered solar
radiation between 300 and 407 nm (shiftable to 350-457 nm)

www.atmos-meas-tech.net/7/3459/2014/

Forward scanner:lf vertical profile information is re-
quired 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 di-
rection, covering a range of elevation angles around
0° (horizon direction). For this purpose, a pushbroom
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scanner is applied in limb geometry. In principle also

a whiskbroom scanner can be used for the limb direc-

tion, but this has so far not been implemented because oty
of space restrictions. A pushbroom scanner can be more

compact due to the lack of motorized optics and in ad-

dition it is beneficial for the later profile retrieval that

it measures all elevation angles at the same time (no Nadir Scanner
need to compensate for different aircraft positions and POV (@inst)
orientations). However, since the detector of a pushb-assomer
room scanner records spectral and spatial information

at the same time, it takes much longer (up to 300 ms) to .
read out the CCD compared to a whiskbroom scanner. W

7
E
=l

Forward Telescope
IFOV (vinst)

/fl Nadir Scanner
il FOV (agot)

Actual
Scan Angle 3

Altitude (AGL)

In this time, the detector is not sensitive to incident light %

(closed shutter), which reduces the achievable signal-to- P

noise ratio. \P” - Py Nadir Scanner gy
GIFOV a

The general measurement principle and geometry of therigure 2. Schematic showing the measurement principle of the
HAIDI system is illustrated in Fig2. This setup uses both HAIDI system in the configuration for low flying aircraft (e.g.,
scanning techniques (one whiskbroom scanner in nadir direcFlight Design CTLS, see Se&.1), which uses a whiskbroom scan-
tion and one pushbroom scanner in forward direction) and igher in nadir direction and a pushbroom scanner in forward direction.
especially used for smaller, low flying aircraft. An overview The instantaneous field of view of the two telescopgsst, vins)
to the different instrumental setups of the HAIDI system canS marked in red. While the whiskbroom scanner uses a sweeping
be found in Sects. Independent of the used scanning tech- PriSm 1o rotate the viewing direction of the nadir telescope by an-
nique, all setups are working on the same principle. Solar ra-gleﬂ across trac_k direction, resuilting in the tqtal FQMt_(green),

L . - . . . the forward-looking telescope observes multiple viewing angles at
diation with the intensityo(2) is passing Earth’s atmosphere ..
and is thereby partly absorbed by different trace gases and
aerosols. This light is then reflected on the ground or scat-
tered in the atmosphere by Rayleigh and Mie scattering be2.3  The nadir scanner (whiskbroom)
fore itis collected by HAIDI's telescopes with the remaining
intensity 7 (1). As can be seen in Fi@, the instantaneous The entrance optics of the nadir scanner is usually pointed
field of view (IFOV) of the telescopes differs for the two to the downward direction of the aircraft in order to scan
scanning techniques. Due to the reasons discussed above, ttiee ground beneath. Light collected by its telescope is there-
whiskbroom scanner has to record all pixel sequentially in or-fore mainly ground-scattered (see S&cR.1). The technical
der to obtain hyperspectral images. Because of the aircraft'setup (Fig.3) essentially consists of a servo actuated prism
motion during the scan this leads to a diagonal strip pattern ofhat sweeps the viewing direction of the instrument perpen-
the observed area which is typical for the whiskbroom tech-dicular to the flight direction and a telescope that couples the
nique. Each strip is called a swath and currently consists otollected light into a fiber optics cable. The fiber optics cable
up to 128 scans, which are taken while the whiskbroom scanthen transfers the light to a temperature stabilized spectro-
ner moves the viewing direction of the telescope along onegraph inside the aircraft (see Sezt).
swath. The IFOV of the forward-looking telescope covers all  Viewed from the telescope side, the first part of the fiber
viewing directions at the same time instead, but has only aoptics cable consists of a mono fiber (single optical fiber)
narrow total FOV due to the restrictions of the pushbroomwith a core diameter of 1250 pm. Attached to this mono fiber
technique. In case of the nadir observations, the results frons a fiber bundle with a length of 5m via standard F-SMA
the following DOAS analysis (Sec3.1) can then be plotted (SMA 905) fiber optic connector. The bundle consists of 31
into spatial maps by reconstructing the path taken by the lighindividual fibers with a core diameter of 150 um which are
from the sun to the telescopes (S&:D). arranged as a tightly packed circular bundle at the coupling

Beside the entrance optics, HAIDI features a tempera-and as a column at the spectrograph side, forming its entrance
ture stabilized spectrograph-detector unit (SB&) for each  slit. The mono fiber is connected upstream to the bundle in
whiskbroom or pushbroom scanner in order to disperse anarder to mix the incident light from the telescope, so that all
detect the gathered light. These are stored in a special infibers at the spectrograph’s entrance slit are illuminated ho-
strument rack inside the aircraft and are connected to thenogeneously with the same spectral information during the
entrance optics by a fiber-optical system of several metemeasurements. This is necessary because the instrument’s
length. In the following sections the different components of slit function is not constant over the height of the detector
the HAIDI system are described in detail, beginning with the and a varying weighting of individual detector parts due to an
entrance optics for the whiskbroom and pushbroom scannersnhomogeneous illumination of the slit would cause changes
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Table 2. Advantages and disadvantages of the different remote sensing techniques used by the HAIDI system.

Advantages Disadvantages

Whiskbroom Scanner

— can cover a very wide swath with-
out complex entrance optics

requires moving parts (scanner)

— pixel distortion (bow tie effect)
— swath can easily be changed by

— requires more space for
software

installation (motorized optics)

— no mechanical shutter required .
— movement of instrument and op-

— system has the same spectral slit tics during integration time makes
function for all VieWing directions Viewing geometry more Comp|ex

Pushbroom Scanner

— all pixel of a swath are taken at the typically requires mechanical
same time and under same condi- shutter
tions

readout time (closed shutter) is
— no pixel distortion lost for recording signal

— narrow swath can be realized with separate slit function for each
very simple and compact entrance viewing direction
optics

change of swath only possible
— no moving parts (scanner) with change of optics

f Seaming The nadir scanner uses a quartz prism instead of a mirror
Prism to redirect incident light into its telescope, because the re-
C flectivity of metallic surfaces (mirror) depends not only on
the angle of incident but also on the polarization direction
Nrex (Williams, 1982). As the sunlight becomes partly polarized
by scattering in the atmospherkiqu, 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 internal reflection of a prism instead is polarization-
independent. Only the reflectivity of the prism surfaces varies
slightly with polarization direction due to Fresnel reflection.
However, for almost normal incident light, like in case of the
magine Specrosron nadir scanner prism, the polarization dependence of the Fres-
nel reflection vanishes.
Figure 3. Setup of HAIDI's nadir scanner (whiskbroom scanner).  |n order to reach a maximum light throughput and thus
A sweeping prism guides the light from different viewing directions g high signal-to-noise ratio at short integration times (see
to Fhe telegcope of the system. From there the light passes througgect.Z.Y.a the numerical apertures (NA) of HAIDI's optical
a flbgr.qptlc_ cable to the spectrograph. Hardware cont_rol and dat?:omponents are adapted to give the best matchinge(AH
acquisition is done by a computer which is connected via USB. 0.25, NAvper = 0.22, NAspectrograpi= 0.16). The correspond-
ing focal length of the telescope lens is 48.1 mm at 350 nm,

in the overall instrumental slit function. This, in turn, would Whichyields an instantaneous field of view (IFOV)#st =

result in residual structures during the DOAS analysis, when->" (S€€ Fig.2) with the core diameter of the mono fiber

comparing the Fraunhofer reference spectrum to a measurdl250 um). Thus, for an assumed flight altitude of 1500 m,
ment spectrum (Sec3). the ground projected instantaneous field of view (GIFOV)

of the telescope is about 40 m in diameter. The total angle
aiot covered by the whiskbroom 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

BG3
Filter

Data Acquisition
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Figure 4. Calculation of the nadir scanner’s GFOV for two sequent swaths. The direction of the scan is from right to left (along the green
line) while the aircraft travels in the direction of the positivexis atx = 0 (dashed line). Each swath is subdivided into several segments,
which indicate the area covered by the scanner’s GIFOV during the integration time of a single scan (i.e., the GFOV during a single scan).
As there is no delay between scans, the GFOV of sequent scans overlaps (see enlarged view). The areal coverage can be adapted to the flig
conditions by altering the total number of scans per swathn total The GFOV in the lower subfigure is calculated for a total number of

32 scans per swath while the upper one uses the maximum of 128 scans per swath. All remaining parameters are the same for both figure:s
pitch = 0°, roll = 0°, vg = 55 m ™%, 15 g1 = 1500 M fhack= 250 MS fint = 20 Ms.

of the aircraft and the prism during a scan, the actual spa250 ms) 4 g the altitude of the aircraft above ground level
tial resolution achieved by the instrument depends on sevandvg the ground speed of the aircraft.

eral factors, like integration time, aircraft speed, prism rota-

To calculate the actual shape of the nadir scanner’s ground

tion speed and number of co-added scans. The size of ongrojected field of view (GFQOV), including perspective dis-
ground pixel (scanned area according to the number of cotortion due to off-nadir viewing directions, requires a much
added scans) is approximately given by the following equa-more complex algorithm. Figuré illustrates such a calcu-

tions:

P| = (nswath— 1) X fint X Nscan, totalX Vg
Qinst

+m@ 2)thlx2 1)
P, = <tan(@) X flscan
2 Nscan, total— Mscan, back
+ tan(“i;st)) X hagl X 2, (2)

where Py is the pixel size in flight direction (Fig2), P,
the pixel size perpendicular to the flight directionywath
the number of co-added swathsscan the number of co-
added scans within a swathscan totaithe total amount of
scans taken during one swath (typically 128); the in-
tegration time of a single scamgcan, backthe quantity of

scans taken during the back scaRchn, bacie= I?.Ln?k fhack ~

Atmos. Meas. Tech., 7, 3458485 2014

lated GFOV for typical flight conditions on smaller aircraft.
The plots contain two consecutive swaths each; the first of
which is marked in red, and the second of which is marked in
blue to show the areal coverage of the scanner. To get the best
areal coverage, the gap between consecutive swaths should
be as small as possible. The distance between two swaths de-
pends 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 extent of the GIFOV in flight directiorlgrov, in order

to minimize the gap and avoid overlap:

®)

Because the aircraft speed usually cannot be influenced
and the integration time per scan depends on the intensity of

!
Vg X fint X Nscan, totaP dGIFOV-

www.atmos-meas-tech.net/7/3459/2014/
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. f Due to technical reasons in the presented aircraft, the
Column | forward-looking telescope could only be realized with the
pushbroom technique. However, the potential to realize a
wider swath with a whiskbroom scanner would not give
any significant advantage for the forward-looking telescope
to derive trace gas profiles. 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 simul-
taneously. Thus, unlike the whiskbroom technique, the push-
broom technique requires a fiber optical cable that preserves
spatial information and a spectrograph-detector unit with
imaging capabilities. Therefore, the fibers of the fiber optics
bundle are arranged into columns at both ends with corre-
iming Syt sponding fiber ends having the same position in the column.
In total, the fiber optics bundle has a length of 5m and con-
Figure 5. Setup of HAIDI's forward-looking telescope (pushbroom sists of 31 individual fibers with a core diameter of 150 um
scanner). The individual fibers of the fiber optics bundle, which con-each (diameter with cladding: 190 pm). Also in this case, the
nects the telescope with the imaging spectrograph, are arranged t@xit end of the fiber bundle directly acts as the entrance slit
a slit on both sides. This leads to 31 simultaneous viewing direc-gf the |mag|ng Spectrograph_ The other end is p|aced in the
tions/gle_vation_angles._ A mechanical shutter protects the detectofgcg| point of the telescope. Due to the different distances of
from incident light during the readout process. Hardware controlyne finers to the optical axis of the telescope, this results in 31
and data acquisition is done by a computer which is connected Vidjitferent viewing directions/elevation angles. As the height
USB. of the fiber columns is about 5.9 mm (31190 um), the tele-
scope (lensd =25 mm, f = 48.1 mm) yields a total vertical

incident light, the distance between two swaths is typically Viewing angle of about The horizontal viewing angle of
adjusted by choosing a different number of scans per swatfthe telescope is- 0.2° and corresponds to the vertical view-
(1 to 128). For an accurate reconstruction of the GFOV alsdng angle of a single fiber. The exact orientation of the instru-
pitch and roll angles of the aircraft have to be taken into ac-ment depends on the scientific question. If plumes are inves-
count, which can be handled by the used algorithm as well. tigated close to the flight altitude (campaign | in Tab)eit

For later plotting of the measured data into spatial maps, ifs adjusted approximately to the horizon for the expected av-
is important to know the exact deflection anglésee Fig2)  erage pitch angle during flight. For the campaigns Il and Il
of the nadir scanner’s prism for each single scan of a swathmore sensitivity at low altitudes was required, thus the range
For this reason, the pulse-width modulation (PWM) signal Was set to elevation angles betwee and+2°.
that controls the motion of the servo motor (HS-7940TH
from HITEC) is synchronized with the recording of the scans2.5  Instrument rack
(Sect. 2.7). Together with information from the aircraft's
GPS (latitude, longitude, altitude) and inertial measurementiAIDI's imaging spectrographs and CCD cameras are
unit (pitch, roll and heading angles), the measured data caffoused in the so-called instrument rack (F6y. which is
then be p|otted in a map at the position of the particu|ara modified 19-inch aluminum rack with a helght of 6 rack
GFOV with high spatial accuracy. A detailed description of units (19x 20 x 10.5 inch). In the current state, the instru-
the servo motor control and the georeferencing procedure cafent rack can store up to three spectrograph-detector units

Data Acquisition

be found inGeneral2014). that are of identical design to be applicable for the whiskb-
room scanner setup and the pushbroom setup as well. In ad-
2.4 The forward-looking telescope (pushbroom) dition to spectrograph mountings, which withstand load fac-

tors of at least 9 times the acceleration due to gravity, the
The entrance optics of the forward-looking instrument col- instrument rack also features a temperature-stabilized sec-
lects scattered sunlight from directions close to the horizonon for the spectrographs and DC-to-DC converters to power
(Fig. 2). This viewing geometry yields very long absorption the nadir scanner servo motors. The temperature stabilization
paths, especially close to the flight altitude (see S2&t3. s realized by an Air-to-Air PeltierRE-127-14-11-S from
For this reason, the forward-looking telescope is well-suitedSupercodl system controlled by a custom-built electronics
for the profile retrieval of trace gases in the lower tropospherefor heating and cooling. This system uses four temperature
on smaller, low flying aircraft. sensorsADT7410 from Analog Devicésto monitor the in-

ternal air and spectrograph temperature. In order to mini-

mize the heat transfer into the temperature stabilized vol-
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L‘ ]>L‘ }>L‘ }> Figure 7. Opened HAIDI imaging spectrograph showing the

diffraction angles of the grating for different wavelengths (300 nm
] (violet), 400 nm (blue), 500 nm (green)) and orders. Due to the con-
48 cm (191n) cave grating the spectrograph works on the basis of the Rowland cir-

Fi 6.ch ic of the HAIDI | K with th cle. For an optimized imaging on flat surfaces (e.g., CCD) the shape
igure 6. Schematic of t € mstrume_nt rac wit t re€ SPEC- 4t the Rowland circle is slightly altered by a special groove pattern
trographs and detectors installed. The Air-to-Air Peltier tempera-

e o f the grating (flat-field correction). This is why the entrance slit is
ture stabilization controls the temperature inside the gray shade&

. . ot located exactly on the illustrated circle. Installed light traps are
volume. Since the detectors have a separate cooling for the CCDmarked in red
which produces considerable amounts of heat, they are located out- '

side the temperature stabilized section.

flange, a mount for the diffraction grating and some light
traps.

The imaging spectrographs use a diffraction grating of
. . . type 523 00 080(1200 lines mm1) from Jobin Yvon. This
ume, the internal air temperature is normally set to a Value|saconcave holographic grating with a focal length of 21 cm

close to ambient temperature. Furthermore, the temperature "¢ -\ b 0 25 bk matches the f-numbers of the
stabilized compartment of the housing (see FEgis lined -

with a 10 mm layer of PE-foanMP15FR from Wulfmeyey telescopgs and the qptlcal fibers quite W_eII (Sﬁ@...[_)ue to '
. . : the focusing properties of concave gratings, additional opti-

for thermal insulation and includes only the spectrographs . ; .
cal elements are not required by the system. This design has

Several advantages. On the one hand it makes the spectro-

stabilization can usually work on low power consumption S :
X . : graphs very easy to adjust in comparison to Czerny—Turner
(< 10 W). Due to the high thermal capacity of the aluminum setups which have many more degrees of freedom for ad-

—1 .
spectrographs 2.7 kJ K™= per spectrograph), it takes some .;ustment Neumann2013. On the other hand light loss due

time to eqUIll_bra_lte the spectrograph temperature to the Ao additional optical surfaces is avoided. Another important
temperature inside the rack (about 1h for a temperature dlf:";tdvanta e for airborne applications is that fewer optical com-
ference of 5K), but this makes the temperature stabilization g bp P

also relatively immune to short interruptions in the power pounds make the system less sensitive to vibrations.
supply y P P Apart from mechanical benefits, concave holographic grat-

ings offer some imaging properties which cannot be achieved
with ruled gratings. For instance, aberration effects like astig-
2.6 Imaging spectrographs matism are significantly reduced by a special groove pat-
tern of the used holographic grating. This also improves the
The imaging spectrographs used by HAIDI were developedmaging on flat surfaces (flat-field correction), resulting in
especially for the purpose of an airborne imaging DOAS in-an almost homogeneous imaging quality over the whole sur-
strument, because no commercially available spectrograpface of the chip (see Figb). As further advantages, con-
fulfilled the requirements regarding size, light throughput, cave holographic gratings produce less stray light than ruled
spectral resolution and imaging capabilities at the same timegratings Palmer and Loewer2005, and the zero order of
HAIDI's spectrographs are based on a die-cast aluminum bosthe diffracted light can easily be guided to a light trap with
(BOPLA A140 S) which was complemented with a detector small aperture, because it is also focused. Stray light in the
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Table 3.Characteristics of HAIDI's imaging spectrographs. Table 4. Characteristics of HAIDI's custom-built CCD cameras.

Spectrograph characteristics CCD camera characteristics

Dimensions 24¢ 20.5x 9.5¢cm Dimensions 1P x130x120cm

Weight 3.0kg Weight 1.5kg

Grating type flat field concave holographic CCD e2v CCD30-11 (back-illuminated)

Configuration quasi-Littrow Resolution 1024 256 pixel

Grating diameter  70mm Image area 26 x 6.7mm

Groove density 1200 lines mnt Cooling max. 40 K below ambient temp.

Spectral range 300 to 407 nm (350 to 457 nm) Min. int. time 10 ms (full vertical binning)

Dispersion 4nmmmt 297 ms (full frame readout)

Focal length 21cm typ. Readout Frequ. 1MHz

f-number 3.2
typ. resolution ~0.5nm

conductivity and avoid water condensation. The Peltier ele-
ment is able to cool the chip down to 40K below ambient

spectrograph is further reduced to less than 0.5 % (for a sped€mperature. Normally, the detector is operated at a tempera-
tral range of 300 to 407 nm, measured with a halogen |amp)ture of 0°C, W_hereltheltyplcal dark cyrrelnt sllgnall|s.|n the or-
of the original light intensity by covering the inside witny- ~ der of 80 & pixel™=s™=~ 5 counts pixet~s™". This is suf-

lon ultraflat blackpainting which has a very low reflectivity ~ficiently low for measurements with high sensitivity.

in the infrared wavelength regiokMan et al, 1999 and addi-
tional light traps for higher order diffracted light (see Fig.

Usually the wavelength range of the spectrographs is setto\, jmportant characteristic of a CCD detector is its linearity
300-407 nm. However, the spectrographs also allow to rotaig, reqhonse to incident light. Ideally, the signal gained from
the grating to shift the obseryable Wav_elength range t_o 3504 pixel (counts mst) should be linear with respect to the
457 nm. The spectral resolution (full width at half maximum 5t of incident photons over the full intensity range, but
(FWHM) of emission lines) achieved by the system is about,,imajly this is not the case. Instead, most detectors show
0.5nm (5 pixel), as can be seen in Fig. A listwith the 5 yecreasing sensitivity to incident photons when approach-
characteristics of the spectrographs can be found in Table ing the full well capacity of the individual pixelsFéllers
and Davidson2014). Since nonlinearities in the intensity of
recorded spectra can lead to residual structures in the DOAS
analysis (SecB), it is mandatory to know the linear range of
the used detector.

To test the linearity of HAIDI's CCD detectors, a large
number of spectra from a temperature stabilized LED (Cree
XP-E Royal Blue) were taken with slowly increasing ex-
posure time. In this way the intensity range of the CCD
could be sampled with high accuracy. Afterwards, the mea-
sured signal (in counts m8) was normalized to the value at
30000 counts for each pixel and then plotted versus the cor-

2.7.1 Linearrange of the CCD

2.7 CCD cameras

Also HAIDI's CCD cameras are custom-made in coopera-
tion with khs-instrumentgMunich, Germany) in order to op-
timize their size and weight. This makes it possible to in-
stall the whole system also on very small aircraft, e.g., ultra-
light planes. The detectors featl@€D30-11chips from e2v
(Chelmsford, England), which have 104256 pixel (pixel
size: 26x 26 um) and are back illuminated for enhanced sen-
sitivity in the UV wavelength region (quantum efficiency of
50 to 65 % between 300 and 400 nm). Additional Spec'ﬂca'responding intensity level (detector counts). Figeeand

tions of the dt_atectors can be found in Tablépart from the b show the result of the test for the different readout modes
compact design, the advantage of such a custom made detec;

tor is that its readout electronics can also generate the PWI\}Pf the detector. As can be seen, the response of the detec-
. . . Y , tor to incident photons is almost linear in the range between
signal which controls the motion of the nadir scanner’s serv

motor. This ensures that the recording of scans is synchrgp and 40000 counts (analog-to-digital converter resolution:
nized with the scan angJé of the instrument (see Se.3), 16 bit= max. 65 536 counts). For higher intensity levels, the

N ) sensitivity to incident photons decreases quickly and should
which is therefore known precisely for each scan of a swath, . .

. . . therefore be avoided. Recorded spectra in the range between
Also the signal for the mechanical shutter is generated by th

electronics, when the detector is operated in 2-D (full frame and 40000 counts can be corrected subsequently since
' P the nonlinearity in this region can be well described by a
readout) mode. : . - . :
. second-order polynomial. After linearization with this poly-
In order to reduce the dark current signal of the detector : - . L
. . o . nomial, the remaining nonlinearity in the measured counts
at higher integration times and warmer environments, the de- i . 3 .
. . . . . . per millisecond is less thanx610~° (see Fig9c to f).
tector is equipped with a thermoelectric cooling (Peltier ele-

ment) and its housing is filled with Argon to reduce thermal
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Figure 8. Mercury emission lines between 300 and 407 nm (marked Wih in both figures) taken by HAIDI's detector in full frame

readout mode(a) Intensity plot showing the image of the entrance slit for different emission I{b¢dMercury lines plotted for different

rows of the CCD (see markersa). The full width at half maximum (FWHM) of the individual lines is given in the upper right corner of the

plots. As can be seen, the peak width increases slightly towards the edges of the CCD, resulting in a lower spectral resolution. This is due to
Petzval field curvature<idger, 20029. However, the double emission line 312.57/813.17 nm can still be resolved for all CCD rows.

2.7.2 Signal-to-noise ratio to the other noise sources, photon noise is purely statistical
and can therefore be reduced by accumulating more photons

o i or co-adding multiple scans.
The total noise in recorded spectra arises from photon or gince the detection limit of a DOAS instrument usually
“shot” noise, optical noise and also instrumental noise. For jepends on the achievable signal-to-noise ratio (see Hect.

good DOAS instrument the photon noise should be the limit-j; ;5 important to know whether and up to what degree the
ing factor in the achievable signal-to-noise ratio. In contrast
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Figure 9. Results from a linearity test of HAIDI's detectors. The displayed counts ms are normalized to a reference value at an intensity
level of 30 000 countga), (b) Measured counts per millisecond in full vertical binning (left) and full frame readout mode (rightjd)
Linearity of the analyzed pixel after correction by a second-order polyno(eia(f) Histogram of the corrected measurements.

noise in the spectra follows photon statistics. This can be dephotons for the used detector. In order to access higher pho-
termined by recording a large number of scans of a spectrallyon numbers, the recorded scans are co-added. The noise of
stable light source (e.g., halogen lamp) with the instrumenttwo spectra, I> with k co-added scans is then calculated as
The scans should have the same exposure time and a sdbllows:
uration level which is preferably constant in time and over I
the considered part of the spectrum. Here we use scans witRoise[k] = [m _1} ,
an integration time of 40 ms each and an average signal of 12 11pr=1000
20000 counts, which approximately corresponds 015

(4)
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Figure 10. Results from a noise test of the HAIDI system plotted a(_jdeq scans ar_ld increasing temporal dlstange. Within afew_ hours a

L . : . . slight increase in noise could be observed. Since photon noise does

on a double-logarithmic scale. Scans with an integration time Ofnot change with time, the increase must have its origin in a changed

40 ms were co-added to get a larger number of photons (approxi- ge wit ! . u org 9

. AT instrument noise. The red line shows a polynomial fit of second or-

mated values). The resulting noise is given as RMS and peak-to- or

peak (PtP) value. For comparison also the pure photon noise (reg '
curve) is plotted, which is given by the square root of the number

of photons and represents the lowest achievable noise. The evalua-

tion of the data was done in the wavelength region between 350 an%1

400 nm.

In a second evaluation, a different method for co-adding
e recorded scans is performed to minimize these effects.
Here, one spectrum consists of odd scans, while the other
one encompasses the even scans:
where a binomial high pass filter (HPF) with 1000 itera-
tions is applied to the logarithm in order to remove broad- k
band structures. For co-adding the scans two different meth{1 = Z Son» o= Z San-1- (6)
ods are used. In the first one (large dots, labeled “sequential” n=1 n=1
in Flg 10), the number of photons in the SpeCtra is increased Hence' the average time difference between the two spec-
by adding consecutive recorded scaps tra equals the time to record a single scan (40ms). The re-
sult can also be seen in Fit0 (small crosses, labeled “alter-
: . nating”). With this method the noise becomes much smaller
fi= ;S"’ fa= ;SH”' ®) at large numbers of co-added scans, since it is still follow-
ing photon statistics up to the max. measured amount of
As can be seen in Fid.0, the root mean square (RMS) of 400000 scans or 210! photons.
the noise scales with photon statisties<{, red curve) first
in this case, wher&V is the number of incident photons.
Starting at about 10000 scans (equivalent t18° pho-
tons) other noise sources (e.g., readout noise, offset nois .
dark)current noise etc.) bec(orr?e dominant and the signfsll—toef’"1 The DOAS evaluation

noise ratio can not be |mproveq any further by co-ad@ngThe spectral data was analyzed for trace-gas absorptions by
larger numbers of scans. In this method, however, t'me'using the DOAS methodP(att and Stutz2008, which is
dependent effectg play an important role. Since the Specrmplemented in the DOASIS softwar&raus éOOQ. For
traly and Izl (k:)on5|st 0”:] sequentially col-adr?ed_ scans, t:(]e the analysis, a Fraunhofer reference spectrum (FRS) and ab-
time mterhv_ah _etwsen t6e?sp_ecftéa egg%éot e Enle:r? ):a € sorption cross sections of several trace gases are fitted si-
scans, which IS ﬁ. our:. " mlnh r= and 4.2 for multaneously to the measurement spectra in a given wave-
k - 400 000. Within this time the instrument properties can length region by a nonlinear least-squares fitting algorithm.
shghtly change, for example. due to tgmperature ChangesThe amount and type of fitted absorbers (Taf)leiffer be-
This effect can also_be seen in F@_’ which shows_the de- tween the measurement campaigns due to different temper-
velopment of the_ noise with increasing temporal distance be'atures and different target trace gases. An overview of the
tween spectra with = 1000. used wavelength intervals and fitted absorbers can be found
in Table6. Apart from the listed absorbers, a Ring spectrum

k

3 Data analysis
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Table 5. List of trace gas references used for the DOAS analysis. Fraunhofer reference is re-calibrated using a high resolution
solar spectrumKurucz et al, 1984 at the beginning of the

No. Molecule Reference evaluation procedure.

1 SO, (298K) Vandaele et ak2009 The residual spectrum of a DOAS analysis indicates the_
2 BrO (298 K) Fleischmann et a[2004) quality of the measured spectr_a and the _spectral analysis
3 BrO (243K)  Fleischmann et a(2004 (Stutz 1996. Some exemplary fit results with correspond-
4 NO, (246 K) Voigt et al.(2002 ing residual spectra are illustrated in Fig2 and 13. For

5 NO, (293 K) Voigt et al.(2002 a DOAS analysis free of systematic effects the size of the
6 O3 (223K) Voigt et al.(2002) residual structures should mainly depend on the number of
7 O3 (246 K) Voigt et al.(2001) incident photons and therefore on the number of co-added
8 O3 (293K) Voigt et al.(2007) spectra. The calculated photon noise in Fif.is therefore

9 04(293K) Hermans et al(1999 the best achievable value for the RMS of the residual. How-
10 HCHO (298K)  Meller and Moortga(2000 ever, for atmospheric measurements the size of the residual
11 OCIO (293K) Kromminga et al(1999

structures will usually deviate earlier from the values pre-
dicted by photon noise. This can be due to various reasons,
a not perfectly uniform illuminated entrance slit, spectral
(Grainger and Ring1962 calculated from the FRS by the structures caused by different ground surfaces and viewing
DOASIS software, an inverse FRS (to reduce the offset dualirections, a suboptimal fit scenario or imperfect reference
to stray light in the spectrometer), an additional Ring spec-spectra. In Tabl& the size of the residual structure as well
trum that is multiplied by,* (to account for the wavelength as the achieved detection limit is listed for different num-
dependency of the Ring effedfagner et al(2009), and a  bers of co-added scans. The measurement errers gtd
polynomial are fitted to the measured spectra. detection limits (2') are calculated from the DOAS fit re-

In order to minimize the temporal distance between thesults according t&tutz and Plat1996. Accordingly, the fit
reference and the actual measurement spectra, the FRS ésror is multiplied by 2 to obtain thesclmeasurement error.
normally taken for each flight, if possible. Thereby, the Since increasing the number of co-added scans will degrade
recording procedure differs for the two scanner types of thethe spatial resolution of the HAIDI system, a compromise
HAIDI system. While the nadir scanner uses a normal in-between detection limit and spatial resolution has to be made
flight measurement taken in a presumably clear area as reflepending on the optical density of the trace gas of interest.
erence, the forward-looking telescope uses a spectrum taken
at the ground where sunlight is guided to the telescope with
a sand blasted teflon plate. Because each viewing directiof?i
of a pushbroom scanner has a slightly different slit function,
the forward-looking telescope uses a separate FRS for eachhe result of a DOAS analysis is the so-called differen-
elevation angle. The nadir scanner instead has the same stial slant column density (dSCD}’, which is the concen-
function for all viewing directions and therefore uses a singletration of the trace gas integrated along a particular light
FRS for the analysis of the spectral data. path through the atmosphere minus the integrated concen-

All measurement flights up to now were done in smaller, tration already existing in the FRS. As the light path through
unpressurized aircraft and HAIDI’'s spectrographs were alsadhe absorber depends on the respective measurement condi-
not pressure stabilized during these flights. Therefore, dions (e.g., measurement geometry, solar zenith angle (SZA,
wavelength shift of the measured spectra in dependency of), cloudiness), the dSCDs are usually converted to vertical
the flight altitude could be observed, due to pressure-inducedolumn densities (VCDs)V, which give the concentration
changes in the refractive index of air. The observed valuealong a vertical path through the atmosphere and therefore
for the shift are linear with respect to the measured change irare independent of the used viewing direction. This is com-
ambient pressure and are in the order sflI0~* nm mbar?, monly done by applying radiative transfer models (RTMs).
which is in very good agreement with the theoretical valueHowever, for certain conditions, like high surface albedo,
0f0.988x10~* nm mbar ! at 350 nm. During the BROMEX  cloud free sky, SZA< 80° and low flight altitude, the light
campaign, flight altitudes of up to 3300 m were reached withpath can also be estimated by a more simple geometric ap-
a pressure difference of about 380 mbar in total, which meangroximation. These conditions are largely met by the nadir
a shift of approx. 0.04 nm compared to spectra taken close toneasurements presented in this article. The following thus
the ground. In order to obtain better initial conditions for the shows a geometric consideration of the nadir scanner’s light
DOAS fit, each measurement spectrum is previously shiftecpath, as well as an approach for the conversion of dSCDs
according to its pressure difference from the FRS. Sinceo tropospheric VCDs. Even if the geometric approximation
an initial wavelength calibration of the two instruments is is a strong simplification which may cause errors (eBgrg
done with the help of mercury emission lines on the groundet al, 2012 Baidar et al. 2013 and RTM could give more
but the reference spectrum is taken somewhere in flight, thgrecise results, it still has some advantages. Itis very fast and

.2 Geometrical approximation of the light path
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Table 6. List of fitted absorbers and selected wavelength intervals. In Italy two different fit ranges Jaw&® applied, due to non-linearity
at high optical densitiesern et al, 201Q Bobrowski et al.2010.

Target trace gas Wavelength  Fitted absorber Polynomial Campaign
range in nm order

SO, (dSCD< 5x10' moleccnt?) 310.0...322.0 1,2,5,6,8, 10 3

SO, (dSCD> 5 x10" moleccnT?) 314.8...326.8 1,2,5,6,8, 10 3 ltaly 2011

BrO 332.8...364.0 1,2,5,6,8,9,10, 11 3

NO» 358.0...387.0 1,5,9,11 3

NO» 358.0...387.0 59 3 USA 2011

(Indiana)
BrO 336.0...365.0 3,4,6,7,9,10 3 USA 2012
NO> 358.0...387.0 4,9 3 (Barrow)

Table 7. Influence of scan binning on the spatial resolution and detection limit of the nadir scanner (whiskbroom). The first value of the
binning is the amount of included swaths, while the second value gives the number of co-added scans within each of these swaths. The
spatial resolution®) x P_ ) is calculated by Eqs1j and @) for average flight conditionsif, g | = 1500 m,ug = 55m s1). The spectra for
determining the detection limits were taken from the same time intervals as the fits shown ib2rigd13.

Trace gas  Scan Spatial resolution Total integration RMS of residual Detection limit in
binning per pixel in m timeins molec cn 2

BrO 1x8 39x 137 0.2 5.41x10~4 7.04x1013

BrO 2x16 181x 234 0.6 2781074 3.63x1013

BrO 4% 16 465x 234 1.3 2.24¢107% 2.93x10%3

BrO 4x 32 465x 429 2.6 1.89<10°4 2.47x1013

NO, 1x8 39x 137 0.2 6.08<10~4 5.60x 10

NO, 2x16 181x 234 0.6 3.7%10°4 3.47x101

NO> 4x16 465x 234 1.3 3.341074 3.07x10

NO, 4x32 465x 429 2.6 3.06<10°4 2.81x101

relatively simple to calculate, it does not depend on a priori
values, and it gives a robust output. 1

Al ~ — (7)
3.2.1 Nadir observations

N — 8
Under the assumption that the majority of the detected pho- 2" cosB— ) ©)

.tons are only once scaFtered on the ground (or very close _to The numerator ofd, depends on the position of the air-
it) before entering the instrument and that the tropospheric, ¢ in relation to the absorber layer and ranges from 1
absorber layer is horizontally homogeneously distributed OMabove the absorber) to 0 (below the absorber). The total ex-

scales of a few hL_mdred meters,_there are thr_ee possnblg Megsnsion of the light path in the troposphere is then given by
surement scenarios for the nadir scanner. Either the aurcraf[rhe following equation:

is located above the absorber layer (Hida), within the ab-

sorber layer (Figl4b) or below the absorber layer (Fitdc). Ayop= A1+ Ao, 9)

In each of these cases the length of the light path changes as a ) ) _

function of solar zenith angle, scan anglg and aircraft roll The scenario where the aircraft is located above the ab-
angley (see Figl4). The factorsA; and A, thereby express sorber (Fig.14a) can be gpplled in good approximation to
the extension of the actual light path relative to a vertical oneth® measurement campaigns Il and IIl (see TableHere,

and thus represent a proportionality factor between observel1€ trace gas layers were expected to be within the planetary
slant column densities and VCDs, the so-called air mass facPoundary layer and thus below the typical flight altitude of

tor (AMF), A = % A1 and A, are given by the following the aircraft equipped with HAIDI. This c_ould also be con-
equations: firmed by the data from the forward-looking DOAS system.

Hence, the tropospheric AMF assumed for the measurements
presented in Secb.3was calculated as follows:
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_ : ! : ! _ Figure 13. Sample NG fit (dSCD & 3.1x 108 molec cnt?) of
-0.10 3;0 3;5 35'0 35'5 3(10 3(15 a nadir measurement taken from the fIi_ght to Prudhoe_ Bay on
31 March 2012 at 01:58 UTC. The red line shows the fitted ab-
sorption structure whereas the blue line shows the fit result plus the
Figure 12. Sample BrO fit (dSCD~1.6x10moleccm?) of  residual.
a nadir measurement taken from the flight to Prudhoe Bay on
31 March 2012 at 02:05UTC. The red line shows the fitted ab-
sorption structure whereas the blue line shows the fit result plus thpresent in the stratosphere. Since the flight altitude of an un-
residual. pressurized aircraft will not reach the height of stratospheric
absorbers, the stratospheric AMF remains unchanged for all
three measurement scenarios described in the previous sec-
tion. The stratospheric AMFAsyay therefore only depends
1 n 1 (10) On the SZA and can be approximated similarAg in the
cos  cogB—o) troposphere:

Wavelength in nm

Atrop=

For the flights at Mt. Etna instead, where the absorber 1
layer was not located close to the ground, this is not gen-Agyat= ——. (112)
erally the case. Here, one has to distinguish between mea- cosy
surements taken above the emission plume and those taken
below. Due to the smaller AMF (see E8), measurements
from below the plume show smaller dSCDs. In addition, the
changed measurement geometry (see Efy.can cause a
significant spatial shift of the measured signal as a functio
of the solar zenith and azimuth angles, because the lighttra-, ,
verses the absorption layer far from the surface reflection.S = Strop + Sstrat
Thus, for a better comparability, maps presented from Mt. = Sirop — SRef, trop+ Sstrat— SRef, strat (12)
Etna in Sect6.1 show only data for flight altitudes greater
than the expected height of the emission plume.

BeforeAtop andAsyraccan be used to convert the measured
dSCDs,$’, to tropospheric VCDs, one first has to make clear
that the column density in the measurement spectra is com-
r]posed as follows:

/ ’
Strop Sstrat

3.2.2 Conversion of dSCDs to tropospheric VCDs where Strop is the tropospheric slant column density (SCD)
in the measurementSger, trop the tropospheric SCD in

In order to convert dSCDs to tropospheric VCDs, one has tahe Fraunhofer referencégyat the stratospheric SCD and
consider that the observed signal does not only arise from troSget, stratthe stratospheric part of the SCD in the Fraunhofer
pospheric absorbers. Many of the fitted trace gases are alseference. The relative change in stratospheric SE&D,,
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By assuming that the stratospheric VCD remains relatively
constant during the flight (which is a realistic approximation
for BrO and NQ at SZA < 80°), and thatVstratand VRef, strat
are therefore identical, one obtains the following:

Sétratz Vstrat X (Astrat— ARef, strab, (14)

and thus,

S = Virop X Atrop — VRef, trop X ARef, trop

~0
+ Vstrat X (Astrat— ARef, stra} . (15)

With a careful selection of the Fraunhofer reference spec-
trum, Vret, tropcan be assumed to be 0. A candidate for such a
FRS can be a spectrum taken upwind of an emission source.
Also a zero VCD obtained from the forward-looking tele-
scope is an indicator for a potential FRS. The above equation
can finally be rearranged %op:

S" — Vstrat X (Astrat— ARef, straﬂ
Atrop .

= Virop= (16)

The required stratospheric VCD of the absorber can then
be obtained from model calculations or reference data, if
available. As mentioned above the geometric approximation
(Eq. 16) is only valid for certain conditions, which are ful-
filled, however, for the majority of the presented measure-
ments. If in these cases, the error from the stratospheric cor-
rection and the tropospheric AMF are relative small in com-
parison to the error of the slant column densit§’, then the
error of Virop Can be approximated by the following:

/

AViop ~

X Vtrop. (17)

S/
For a more precise error estimation, RTM calculations are
necessary.

3.2.3 Limb observations

For a telescope looking towards the horizon (limb geome-
try), the geometrical AMF would lead to significant devia-
tions, because in contrast to the nadir observations it cannot

Figure 14.Simple geometric approximation of the optical light path Pe assumed here that the majority of the collected light is
for the nadir scanner. Due to clear sky conditions and low flight Scattered at a given location. Instead light is scattered into
altitudes ¢ 1500 m) most of the collected light is scattered on the the telescope from somewhere along its line of sight (LOS).
ground. The length of the optical light path inside the absorber isUnder clear sky conditions most direction changes of light

determined by the factow; andA-.

can then be expressed by the stratospheric AMF:

/
Sstrat = Sstrat— SRef, strat

= VstratX Astrat— VRef, stratX ARef, strat

Atmos. Meas. Tech., 7, 3458485 2014

are induced by Rayleigh scattering on air molecules. Thus,
due to typical Rayleigh extinction lengths of about 14 km at

350 nm, very long light paths can be obtained within hori-

zontally extended absorbers.

Limb observations performed at different flight altitudes
are particularly well suited for a reconstruction of trace gas
and aerosol profiles at high vertical resolution (etgeue
et al, 2011 Prados-Roman et aR011; Merlaud et al.2012

www.atmos-meas-tech.net/7/3459/2014/
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3.0] Fiight Alitafe — 0.0 km ] Flight ATttt — 6-51m Table 8. Approximate weights and dimensions of the different
2.5] T ] HAIDI configurations. The first two configurations have an aver-
2.0] Anglein: | ] age power consumption of about 100 W, while the HALO setup
— 3.0 . o
15] —20 | ] consumes slightly more due to the additional spectrograph-detector
1.0 0.0, unit.
g —2.0
£ 0.5+ —3.0
5 00 S — =1 | | | Aircraft  Weight Dimensions
E 3.04 Flight Altitude =10 km 4 Flight Altitude = 1.5km
“ 5] ] CTLS 15kg Detectors +
2.0 ] Spectrographs: 2% 25x 37cm
1.5] ] Computers: 26c19x 6¢cm
o ALAR  40kg HAIDI Rack:  48x 50x 27 cm
~ Entrance Optics: 18 10x 18cm
0-0 20 40 60 80 100 20 40 60 80 100 Computers: 48& 50x 11cm
BrO Box-AMF
) . o . HALO  65kg HAIDI Rack: 48x 50x 27cm
Figure 15. BrO box AMFs calculated for the different viewing di- Entrance Optics: 2% 18x 15cm

rections of HAIDI's forward-looking telescope. Computers: 48 50% 11¢cm

Baidar et al.2013 Dix et al,, 2013. This is usually done in a
two-stage process using inverse modeling of the atmospheri
radiative transfer (e.gSinreich et al. 2005 Wagner et al.
2004 Friel3 et al, 2008 Irie et al, 2008 Clémer et al.201Q

%00. With viewing directions coveringt3°, the range where
measurements are sensitive is restricted to about 1 km around
the flight altitude. Thus, measurements with the forward-
Wagner et a].20117). First, the aerosol extinction profile is re- telgscope (pushbroom) are especially §U|ted for the obser-
vation of volcanic plumes close to the flight altitudéogel

trieved from the absorption of the oxygen collision complex X .
Og4, which has a horizontally constant atmospheric concen-et al, 2011), or to investigate boundary layer absorbers when

tration (apart from pressure variations) and therefore servegylng low. A reconstruction of the whole tropospheric pro-

as a proxy of the light path which is affected by aerosols. Sec- le (surface to 10km) is only possible when measurements

ond, the trace gas vertical profile is retrieved using the mea§jurlng a whole ascent or descent of the airplane are used as

sured trace gas dSCDs together with the aerosol profile re'-npUt for the retrieval.
trieved in the first step. Resting upon the Bayesian approach,
our retrieval algorithms determine the maximum a posteri-4 Measurement software
ori solutions of the given inverse problems on the basis of
the well-known optimal estimation methoBg@dgers 2000 Because of the custom-made readout electronics of HAIDI's
and use the SCIATRANRozanov et a).200]) and McArtim  CCD detectors, a software had to be written, that is able to
(Deutschmann et a2011]) radiative transfer code as forward communicate with the hardware. This software allows one to
models for the aerosol and trace gas retrievals, respectivelyontrol the thermoelectric cooling of the detector, the move-
This method has been applied e.g., to ground-based MAXment of the nadir scanner (whiskbroom) and other parame-
DOAS measurements of BrO and aerosols in the scope ofers of the camera like the integration time or co-adding of
the OASIS Barrow 2009 campaigRriel3 et al, 2011J). scans. Moreover, it reads out the recorded spectra from the
A key quantity that describes the accuracy of the profileelectronics via USB connection and stores them in a specific
retrieval is the weighting functiod = dy/dx, which repre-  directory structure for later easy access. The current version
sents the sensitivity of the measuremento variations of  of the software is written in LabVIEW 2013 and can be used
the state vector (i.e., aerosol or trace gas vertical profile) with Windows XP or higher.
In case of trace gas profiles, the weighting function is equal To handle the high rate of spectra generated by the nadir
to the box air mass factor, i.e., the derivative of the mea-scanner (up to 100 spectra per second), all spectra taken dur-
sured slant column density with respect to the partial ver-ing one swath are buffered inside the camera electronics first.
tical column in an altitude layde, z 4+ Az]. Figurel5shows  After the last spectrum of a swath is taken, the measurement
BrO box AMFs calculated at a wavelength of 350 nm for a software starts to read out the data and stores it into a single
small aerosol extinction of 0.01 km between surface and file per swath. This significantly reduces the access frequency
1km altitude and zero above for the viewing geometry of of the data storage device (HDD or SD-card). While the data
the HAIDI limb telescope. The calculations were performed is transfered to the computer, the scanner can already start to
for flight altitudes of 0, 0.5, 1 and 1.5km. As expected, therecord a new swath.
highest sensitivity for trace gases is achieved directly at the
flight altitude when looking towards the horizon (elevation
angle of 0), here the box-AMF reaches values of more than
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Figure 16. Installation of HAIDI on an ultralight aircraft during

the measurements on Sicily, Ita{p) top view sketch of the CTLS  Figure 17. Instrumental setup for measurement flights with the

baggage compartment with HAIDI installed. The entrance opticSALAR research aircraft from Purdue Universi¢g) Sketch showing

of the instrument are located outside the aircraft. While the nadirHAIDI's instrument rack and the aluminum box with the entrance

scanner (red) is placed close to the aircraft fuselage, the forwardeptics. Each viewing direction is equipped with additional webcams

looking telescope (blue) is mounted to an extension arm to get &o record weather and surface conditio(iy. ALAR research air-

free line of sight(b) Picture of the CTLS showing the location of craft with HAIDI installed. The red arrow is pointing to the box

the entrance optics (red arrow). with the entrance optics of the instrument, which is connected to
the spectrographs and detectors inside the aircraft via fiber optic
cables going through the fuselage of the aircratft.

5 Measurement platforms

. to retrieve horizontal distributions and vertical profiles. This
HAIDI was developed for operation on the new German ajtered setup uses only a single whiskbroom scanner in nadir
research aircraft HALO (High Altitude and Long Range direction and in addition a forward-looking telescope, using
Research Aircraft), where an instrumental setup with threghe pushbroom technique (Se2t). In the following, the in-
whiskbroom scanners (Se@.3) pointed to different direc-  strumental setups used for the different aircraft are described.

tions will be used. This setup is Optimized for hlgh altitude Approxima‘[e We|ghts and dimensions of these Setups can be
flights. However, besides applications on HALO the systemfgund in Tables.

can also be operated on other aircraft. Measurement flights

on smaller aircraft were performed in order to optimize the5.1  Setup for Flight Design CTLS Ultralight Aircraft

system in preparation of the installation on HALO. These air-

craft fly at lower altitude and usually do not offer sufficient The first measurement flights with the HAIDI system were
space and power to operate three whiskbroom scanners sperformed in July 2011 on Sicily (Italy) with a small ultra-
multaneously. Furthermore, a setup with three whiskbroomlight aircraft (Flight Design CTLS) operated by the FH Diis-
scanners will not allow to retrieve accurate altitude infor- seldorf (Sect6.1). Because of the compactness and weight
mation of absorbers when flying too low. For these reasonslimitations of such an aircraft there was only very limited
the instrumental setup was modified in such a way that it re-storage space available for the installation of the system. In
quires less space and power, but still provides the possibilityorder to save as much space as possible an instrument rack
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Table 9. List of flights from which data is presented in this article.

Location Date Flight Duration (UTC)  Flight Duration (LT) SZAfn

Mt. Etna, Sicily (Italy) 09/07/2011 08:00-10:30 10:00-12:30 42...17
Indianapolis, Indiana (USA)  24/10/2011 16:31-19:00 12:31-15:00 54...56
Prudhoe Bay, Alaska (USA) 31/03/2012 00:25-03:45 16:25-19:45 69...82

was omitted here. Instead, the spectrographs were directljo reduce the aerodynamic drag, the box was surrounded by
put in a temperature stabilized case of PE-fodiP{5FR  a fairing. The aluminum box contains the forward-looking
from Wulfmeye) and placed in the baggage compartment of telescope with shutter, a nadir scanner, a webcam for each
the aircraft. viewing direction (resolution of 648 480 pixel), PE-foam
Because of the forward-looking viewing direction and the for thermal insulation and a heating (Fitj7). The heating
lack of optical viewports, HAIDI's entrance optics had to be (Cirrus 40/1 60V automatically turns on by a regulator if
placed somewhere outside the aircraft. For this reason, a stete temperature inside the box falls below a given value (usu-
frame, holding a carbon fiber tube of 20 mm diameter, wasally +10°C), to avoid freezing of the windows. Each detector
mounted inside the aircraft's baggage compartment. The tub&side of HAIDI's instrument rack is connected to a netbook
went through a hole in the baggage compartment door on thegia USB. The netbooks store the recorded spectra, save the
starboard side (see Fifj6) and protruded about 45 cm from images from the two webcams, control the temperature of the
the aircraft fuselage. The forward-looking telescope and aCCDs and also log the spectrograph temperatures.
webcam (resolution of 648 480 pixel) were attached at the
end of that tube in order to get a clear line of sight, past the5.3 Setup for High Altitude and Long Range Research
propeller. The nadir scanner instead was located close to the  Aircraft (HALO)
aircraft fuselage in an aerodynamic housing, to keep the load
on the carbon tube as small as possible. Due to the short dign the near future, HAIDI will also be installed on the Ger-
tance between spectrograph and entrance optics of the nadinan research aircraft HALO. HALO is a modified Gulf-
scanner, the mono fiber used here was only 19 cm in lengthstream G550 ultra-long range business jet, which is equipped
Beside the spectrographs and detectors, also a netbook favith a wide range of instruments for atmospheric research.
system control and data storage as well as a lithium-polymeBeside HAIDI there are also some other optical remote sens-
battery pack (20 Ah, 14.8 V) for power supply were placed ing instruments to cover different scientific objectives, e.g.,
in the baggage compartment of the aircraft, as no on-boardghe HALO mini-DOAS Hiineke et al.2011) or APEX (Popp
power supply was available. The average power consumpet al, 2012. As typical flight altitudes of HALO £ 10 km)
tion of the HAIDI system in this configuration is 100W  are too high for the investigation of tropospheric trace gases
at 12V operating voltage, so the batteries could power thewith a limb system, HAIDI's forward-looking telescope will

system for about two hours. not be used in this case. Instead, three whiskbroom scanners
will be applied in different directions: one in nadir direction
5.2 Setup for Beechcraft model 76 Duchess and the other two tilted by 45nto and against the flight di-

rection. This setup allows to retrieve vertical profiles of trace

HAIDI was also installed on the Airborne Laboratory for At- gas p_lum_es and aerosols W'tho}" the need of a forwgrd View-
ing direction. As a result, HAIDI's whole entrance optics can

mospheric Research (ALAR) during two campaigns in Indi- | " o0 o e pressurized part of the aircraft on a so-

ana and Alaska (USA) (Sec.2and6.3). ALAR is a twin- : L . e
engined aircraft (Beechcraft Model 76 Duchess) operated b;/:alled instrument plate, which is a standardized HALO in

Purdue University and has a normal capacity of one pilot andstrument support structure. The plate is located on the lower

three passengers. However, in ALAR the rear seats were res_heII of the aircraft and features a single quartz window in its

: o . .~ .. center as viewing aperture for the telescopes. Calculations
moved in order to create sufficient space to install scientific : . )
. . . . have shown that the window diameter and therefore its nec-
instrumentation like HAIDI's instrument rack (Se@.5). . - :
S : ._essary thickness becomes minimal when arranging the three
Also in this case, an external housing for the entrance optics . L
. ; . “scanners as illustrated in Figga.
was constructed. It is based on a Bopla diecast aluminum
box (A 127 SIL) with the dimensions of 1& 18 x 10cm.
The box was mounted below the aircraft, on the left hand
side of the lower shell (FigL7b), close to the location of the 6 Sample measurement results
instrument rack. Directly above the box was a small aper-
ture in the fuselage of the aircraft to guide the fiber opticsin the following, we present a series of sample applications

and electric cables into the plane. For general protection anéf the HAIDI system, mostly intended to demonstrate its
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Figure 18. Planed instrumental setup for operation on the German37.6°N L0 & '/:,’
research aircraft HALO(a) Schematic showing the three whiskb- i X o 05
room scanners installed on a HALO instrument plate. The whiskb- T R
room scanners are pointed to different directions in order to enable ) el 0
the recording of vertical profiles; one in nadir direction and the other 14.9°E 15.0°E 15.1°E 15.2°E
two tilted by +45° in flight direction. HAIDI's instrument rack (b) BrO distribution

and additional computers for data acquisition will be installed in

a HALO standard rackb) Picture of HALO in flight DLR, 2013, Figure 19. Maps showing the spatial distribution of $@nd BrO

showing the preferred location for HAIDI in the rear (red arrow).  measured by HAIDI’s nadir scanner on 9 July 2011. Only data taken
at altitudes greater than 3300 m is displayed here. The wind direc-
tion was taken from sounding balloon dat#{YO, 2011). O0: Po-

usefulness in a wide variety of studies on chemical and dy- sition of in-flight reference spectruma: Location of Mt. Etna’s
namical processes in the atmosphere. New Southeast Crater.

6.1 Mapping of volcanic emission plumes

particularly interesting because of the high volcanic activ-
The first measurement campaign (campaign | in Table ity. Only a few hours after the measurements a paroxysm oc-
with the HAIDI system was conducted in July 2011 on curred at Mt. Etna’s New Southeast Crater (NSEC), which
Sicily, Italy. For these flights, the system was installed onled to a temporal closure of the nearby Catania airport.
a Flight Design CTLS ultralight aircraft with the setup de- The measurements on Sicily mainly focused on the spa-
scribed in Sect5.1 In total, four flights to Mt. Etna and tially high-resolved imaging of trace gases like BrO and
Mt. Stromboli were performed from a small airpoB7(800 SO in the volcanic emissions with the nadir scanner of
N, 15.228 E) close to Calatabiano in the northeast of Mt. the system. Topographic maps showing the spatial distribu-
Etna. The flight presented here took place between 08:0@ion of the above-mentioned trace gases are illustrated in
and 10:30UTC (10:00-12:30LT) on 9 July. This day was Fig. 19. Because of the reasons discussed in Se2t.only
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measurements taken above the expected height of the plum x10%¢
which is in good approximation at the height of the sum-
mit (3300 m), are displayed in these maps. Thus, the FOV b
of the nadir scanner is not projected to the ground in this
case but rather to a horizontal plane at the expected heigt

of the plume. Each plotted pixel thereby consists of 32 scan<*”*’
(2x 16). As can be seen from Fij9, the flight track crosses
several times the emission plume, where;RISCDs of up

to 4.6x 10 molec cn? could be observed along with BrO
dSCDs of 4.1x10"moleccnt?. A more detailed discus-

sion of the measurement results, regarding the chemical evc3g.6°N
lution of the plume in terms of plume age, measurement lo-

cation and time, can be found @eneral et al(2014). s
/ 0 S 10 /15 20km

6.2 Mapping of air pollution in urban regions
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The next measurement presented here is from a campaign igure 20. Detail of the flight on 24 October 2011 showing mea-
Indiana, USA, which took place in fall 2011 (campaign Il sured NG column densities plotted into a relief map of the
in Table1). During this campaign HAIDI was installed on area around Indianapolis (Indiana, USA). The displayed data was
a twin-engined Beechcraft Duchess from Purdue Universitytaken between 17:07 and 18:31UTC with a binning of 128.
(see Sect5.2) and performed three measurement flights to Clearly visible is the N@ plume originating from Indianapolis
the metropolitan area of Indianapolis. The scientific objec-With its coal-burning power plants blowing downwind. For a bet-
tives focused on the observation of air pollution over Iargerter overview only data for flight altitudes below 1000 m are plotted
urban areas. In particular, the distribution of tropospherice"®-
NO; was investigated, which can cause enhanced ground
level ozone, the so-called photosmog, during sunny days andlose to the center of the city (see F2§). While the transect
also contributes to acid rain, resulting from its oxidation to to the southeast follows the power plant plume, one can see
HNOs. Tropospheric N@ mainly originates from anthro-  the more diffuse mobile source N@mission in the transects
pogenic sources such as the burning of fossil fuels, where ithat go perpendicular to the wind direction.
is primarily emitted as NO. The NO then rapidly reacts with  |n addition to the visualization of the spatial distribution,
O3, forming NOG,. At the same time N@is photolyzed back  measurement data from traverses flown downwind of the city
to NO. Thus, the concentrations of NO and N@re usu-  can also be used to determine the approximate Eis-
ally in a photostationary statég¢ighton 1961). However, in  sjon of Indianapolis lprahim et al, 2010. For this pur-
heavily polluted areas high levels of peroxy radicals can leachose, the measured dSCDs were converted to tropospheric
to a deviation from the photostationary state. VCDs using a simple geometrical approximation for the air

The flights in Indiana were conducted from Purdue uni- mass factor (Eq16). Assuming a stratospheric NO/CD
versity airport 40.412 N, 86.937 W), which is located in  of 2.0x 10 molec cnm2 (Wenig et al, 2004 and negligible
West Lafayette, Indiana (USA), about mid-way between theNO, transport towards Indianapolis, the total N€mission
metropolitan areas of Indianapolis and Chicago. In the fol- Fyo, of the probed area can be calculated by the following
lowing, particularly the flight on 24 October should be ad- equation (prahim et al, 2010:
dressed in more detail. Like all other flights of the cam- .
paign, it went to the urban area of Indianapolis, where sev-NO, = Z Virop,NO, (si) - W - SIN(B) (si) - n - As;, (18)
eral traverses were flown downwind of the city in order to i
investigate its emissions. The flight started at 16:31 UTCwhere Viropno, iS the tropospheric VCD of N§ s; the
(12:31LT) and lasted for about 2.5 hours. Fig@@shows location of theith measurementy the average measured
a part of the measured data plotted into a map of the areavind speed in the boundary layes, the angle between
around Indianapolis. As can be seen, N@5CDs of up to  the wind direction and the heading angle of the aircraft,
2.4x 10" molec cnT? could be observed by HAIDI’s nadir the normal vector parallel to Earth’s surface and orthogo-
scanner. The spatial distribution furthermore reveals that thenal to the current heading angle, and; the distance trav-
highest NQ dSCDs were found southeast of the city core, eled during theith measurement. The average wind speed
following the wind direction from 310at 8 ms1. A part of ((7.7+£1.9)ms 1) and direction ((30% 15)°) were deter-
these NQ emissions is caused by the coal-burning powermined with an air flow measurement probe (best air tur-
plants of Indianapolis. The two largest of them, Harding bulence probe) installed on the aircraft. Plugging in these
Street Generating Station (nameplate capacity: 1170 MW)yalues in Eq. 18) then yields a total N@ emission of
and Perry K Plant (nameplate capacity: 20 MW) are located(3.95+ 0.62)th L.
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Figure 21. Time series of measurement data from the flight on 31 March 2012 between 00:25 and 03:45UTC. Shaded in gray is the
section of the flight around Prudhoe Bay, Alaska, which is also shown irRBid-orward (color-coded points) and nadir (solid black lines)
measurements show enhanced BrO over the sea ice, around Northstar I5lamdl @n anti-correlation with the observed N@lues (J,

0). Errors and detection limits are plotted in gray. Time of in-flight reference spectrum for nadir scanner.

6.3 Study of reactive bromine release processes a subject of investigation. The HAIDI system contributed to
in the Arctic BROMEX with airborne measurements of BrO and NO
The presented flight from 31 March was conducted at

o Prudhoe Bay, far to the east of Barrow. Prudhoe Bay is ad-
In March 2012 the HAIDI system was again installed on thejacent to the largest oil field in North America and also

Beechcraft Duchess from Purdue University (campaign Il in hosts one of the world’s largest industrial complexes with
Tablel). This time, the flights were conducted from an air- an approximate annual NOemission of (12+4)x 103t
phortfln Barrovll/, ?\Iﬁskgl,?USAmng N, 15;’"\;89 W)’E')r'( (Jaffe et al. 1995. NOp, which is produced by the com-
the framework of the BRomine, Ozone, and Mercury EXper-, o of fossil fuels, acts as a sink for BrO by forming

iment (BROMEX) camp_augnNASA, 201_2)._The Instrumen- rONO;. Thus, interesting anti-correlations between the dis-
f[al setup for the campaign was very §|m|Iz_ir fo the one usecFr)ibution of BrO and NQ could be observed on that day.
in Indiana and co_ntaln_s only Some minor Improvements. TODue to the large expansion of the flight track in the east—
account forthg brlght light cond_mons, the web_c_ams for nadlrWest direction, the maps in Fi@2 show only a detail of
and forward Q|rept|on were equipped with addltlona! UV and the flight within the area around Prudhoe Bay. A comparison
neutral density filters. During the BROMEX campaign a10- ¢ o4 ,rement data from nadir and forward viewing direc-

tal of 11 measurement flights were done from which the ON&;ions has shown that the tropospheric columns ofN@d
on 31. Ma}r_ch 2(.)12.'5 presented here. . BrO in the used reference spectra can be neglected. There-
Scientific objectives of the BROMEX campaign concen- ore, Eq. (6) was used to convert the displayed data in

trallte on tt)he u.nderstinding: of the chimicacli processes whic e maps to tropospheric VCDs by assuming stratospheric
release bromine to the polar atmosphere during sprlngnmeBrO and NG VCDs of 5x 1083 molec cnt2 (Choi, 2010

These processes are responsible for an almost complete dghd 2.5x 10 molec cnT? (Wenig et al, 2004, respectively.
struction of lower tropospheric ozone in polar regions andAS can be seen in the maps, the highest BrO column den-

for the deppsmon .Of atmospherlc mercury. Also .the M- sities were seen offshore on that day. The nadir scanner
pact of Arctic sea ice reduction on these mechanisms was
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Figure 22. Maps showing a part of the data from the flight to Prud-
hoe Bay on 31 March 2012 (01:31-02:30 UTC, gray shaded sectiofrigure 23. Comparison of N@ VCDs around Prudhoe Bay, mea-
in Fig. 21), measured by HAIDI's nadir scanner. Noticeable in the sured by GOME-2 PLR, 2012 and HAIDI: (a) The GOME-2
observed trace gas distribution is an anti-correlation between Brcsatellite swath covered Prudhoe Bay on 30 March at 21:02UTC,
and NG column densities({, [, O). The background shows a true 4.5h prior to the measurements with HAIDI. As can be seen, the
color satellite image taken from MODIS (Aqua) on the same day Satellite data shows a large N@lume propagating in wind direc-
with a resolution of 250 mMNASA, 2012. tion. Measurements from HAIDI are indicated by color-coded dots.
(b) The enlarged view shows that enhanced)Ntas only seen on-
shore. Due to favorable pixel positions in the satellite swath this
measured BrO dSCDs of up to 120 molec cnt?2 can also be confirmed by the GOME-2 measurements, which have
(VCDyop ~3.7x10 moleccm?) and also the forward- @ much lower resolution.
looking telescope shows clearly increasing column densi-
ties in the same area. At the location of enhanced BrO,
the observed N@ column densities were always close to 7 Conclusions
zero. The opposite effect was found further to the solith (
), where high N@ dSCDs of about 5.6 10**moleccnt®  The newly developed Heidelberg Airborne Imaging DOAS
(VCDyrop ~8.2x 10 moleccnt?) could be seen by the Instrument (HAIDI) has proved to be a powerful tool for
nadir scanner together with a local BrO minimum. This loca- atmospheric measurements. Its specially designed spectro-
tion is also shown with a higher spatial resolution (binning: graphs cover a broad spectral region, ranging from 300 to
1 x 8= resolution: 3% 137 m) in the magnification view of 450 nm (instantaneous coverage for a fixed grating position:
Fig. 22b. Here, one can clearly see that theNflume, orig- 107 nm), with a resolution of about 0.5 nm. This allows to de-
inating from the industrial complexes of Prudhoe Bay, prop-tect a large number of important trace gases likexN&Dy,
agates with the wind along the ENE-WSW direction. BrO, OCIO and Q at the same time. Thanks to the possibil-
The NO-enriched air masses at Prudhoe Bay were alsaty of operating HAIDI with different kinds of entrance op-
seen by GOME-2 (MetOp), which passed over the area onltics (pushbroom and whiskbroom scanner), the system can
a few hours before HAIDI. Despite this temporal offset mea- be installed on a variety of aircraft. Both entrance optics as
surements from GOME-2 and HAIDI show a very good well as spectrometer and detector are optimized in terms of
agreement in the spatial distribution of N(3ee Fig23). light throughput and spatial resolution. Thus, by combining
multiple viewing directions (e.g., three whiskbroom scanners
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or one whiskbroom and one pushbroom scanner) the systemest of the Shepson Atmospheric Chemistry Group. We also thank
can map the spatial distribution of the above-mentioned tracéeter Peterson and Steve Walsh from the University of Alaska
gases in two and three dimensions on a large scale and withairbanks for scientific support. In addition we want to thank
high resolution. For example, when flying at an altitude of &/l other members of the BROMEX campaign for the excellent
10000 m, the nadir whiskbroom scanner will cover an areateoperation.

of almost 10 km width with a resolution of up to 300 m.

In a total of 18 measurement flights up to now, real-
ized with two different aircraft, the HAIDI system could
yield first valuable measurement results. During a campaign
in July 2011, the volcanic emission plume of Mount Etna References
(Sicily, Italy) was mapped, showing Br(50;, ratios of
about 1.5<10~. This value is in good agreement with prior Baidar, S., Oetjen, H., Coburn, S., Dix, B., Ortega, |., Sinreich, R.,
measurements by e.gviogel (2011 or Bobrowski et al. and Volkamer, R.: The CU Airborne MAX-DOAS instrument:
(2007). Further flights were conducted in the metropolitan ~ Vertical profiling of aerosol extinction and trace gases, Atmos.
area of Indianapolis (Indiana, USA) in fall of the same year, Meas. Tech., 6, 719-739, db.5194/amt-6-719-2012013.

Here the trace gas mapping could reveal Nfriched air 56 S. Platt, U, von Glasow, R., Wenig, M., and Wag-
masses originating from the city. In addition the approx- ner, T.. Estimate of nitrogen oxide emissions from shipping
. . . . . by satellite remote sensing, Geophys. Res. Lett., 31, L18102,
imate NOQ emlSSIOln of Indlanapolls could be determined d0i:10.1029/2004GL 02031 2004.
to (3.95+0.62)th = on the basis of these measurements.geijrje, 5., Boersma, K. F., Platt, U., Lawrence, M., and Wagner, T.:
Moreover, the HAIDI system participated in the BROMEX  Megacity Emissions and Lifetimes of Nitrogen Oxides Probed
campaign in March 2012. During several flights large-scale from Space, Science, 333, 1737-1739, 2011.
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can make a significant contribution to improve the general 1085-20122012. _ _
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