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Abstract. The Gimballed Limb Observer for Radiance Imag- 1 Introduction
ing of the Atmosphere (GLORIA) is an imaging limb emis-
sion sounder operating in the thermal infrared region. I1tThe upper-troposphere/lower-stratosphere (UTLS) region
is designed to provide measurements of the upper tropoplays a crucial role in the climate system. Surface temper-
sphere/lower stratosphere with high spatial and high specature is sensitive to changes in the dynamic structure and
tral resolution. The instrument consists of an imaging Fouriercomposition of this regionSolomon et al.201Q Riese et al.
transform spectrometer integrated into a gimbal. The assen2012. The goal of the Gimballed Limb Observer for Ra-
bly can be mounted in the belly pod of the German High diance Imaging of the Atmosphere (GLORIA) project is to
Altitude and Long Range research aircraft (HALO) and in achieve substantially improved spatial resolution and spatial
instrument bays of the Russian M55 Geophysica. Measureeoverage in observing the UTLS by airborne remote sensing.
ments are made in two distinct modes: the chemistry modeScientific applications for the improved spatial performance
emphasises chemical analysis with high spectral resolutionrange from addressing questions of atmospheric dynamics to
and the dynamics mode focuses on dynamical processes ainderstanding chemical fine structur®iese et al.2014).
the atmosphere with very high spatial resolution. In addition, GLORIA also serves to demonstrate the potential of this
the instrument allows tomographic analyses of air volumestechnique for observations from space.
The first measurement campaigns have shown compliance Limb emission sounding in the thermal infrared region
with key performance and operational requirements. is a mature technique that has been used on airborne and
spaceborne platforms for earth observation for more than
3 decades. Radiometers such as LIMSBIlé and Russel
1984 and HIRDLS Gille and Barnett1996, Fourier trans-
form spectrometers (FTS) such as SIRIS, MIPAS and TES
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(Kunde et al. 1987 Oelhaf et al. 1994 Beer et al, 200%; hundred metres (see, e.Bacmeister et al1999 Pan et al.
Fischer et aJ.2008, and dispersive spectrometers such as2009 Weigel et al, 2012 Barré et al. 2012 Ungermann
CRISTA (Offermann et al.1999 have been employed. The etal, 2013.
majority of these instruments scan the atmospheric limb in In addition to STE, long-range transport of pollutants sig-
a vertical direction with the aid of a mirror system. TES is nificantly influences UTLS composition, in particular the
designed to observe part of the atmospheric limb simultaneezone budget in the upper troposphere. Long-range trans-
ously with a linear detector array with 16 elements. Largerport of pollutants involves a large number of scientifically
linear and two-dimensional infrared detector arrays have beinteresting chemical compounds and is also associated with
come available in the last 2 decades and were used in a nadaronounced small-scale structures. Finally, the investigation
sounding operational grating spectromet&urhann et al. of important dynamical processes such as gravity-wave ex-
2003 and in a prototype imaging FTS nadir sounder for citation and propagation or the formation of the tropopause
atmospheric researclilvell et al, 2006. Development of inversion layer (TIL) require three-dimensional observations
an operational imaging FTS nadir sounder has commencedf structures in temperature, radiatively active trace gases and
(Rodriguez et a).2009. In parallel, commercial imaging cloud parameters with a horizontal resolution of a few tens of
FTSs for military and security applicationgglieres et al. kilometres and a vertical resolution of a few hundred metres.
2005 Sabbah et al2012 based on large focal plane arrays  To address the scientific questions outlined above, GLO-
have been realised in recent years. However, none of thesRIA was designed to employ two distinct measurement
instruments has the spectral coverage, sensitivity and speenodes. The first one, called the chemistry mode (CM), fo-
tral resolution that are needed for an imaging limb soundercuses on high spectral resolution and thus maximises the
for atmospheric research. Accordingly, a development of amumber of retrieved trace species with sufficient spatial sam-
instrument optimised for the requirements of limb soundingpling for the aforementioned structures. The second one,
from an airborne platform had to be undertaken. called the dynamics mode (DM), has lower spectral resolu-
Section 2 discusses the requirements, and Sect. 3 outlingsn but provides further increased horizontal resolution and
the main design trade-offs. A condensed description of thds able to undertake three-dimensional sounding of temper-
instrument design follows. Section 4 shows essential characature and a limited number of species. The geometric and
terisation results and discusses to what extent the most imspectral requirements of the two modes are summarised in
portant requirements can be achieved. Tables1 and 2. In order to improve the long-term benefit
of GLORIA, instrument requirements include the ability to
choose other compromises between spectral and spatial res-
2 Instrument requirements olution and the ability to perform nadir viewing.
The first group of requirements (Talgdeals with obser-
A brief summary of the science at the beginning of the vation geometry, observation coverage and spatial and tem-
section will outline the background for the discussion of poral sampling of the measurements. The nature of the re-
the instrument requirements. A detailed discussion of theguirements dictated the principal design decisions for the in-
scientific aims and associated references can be found istrument. The quest for high vertical resolution directly leads
Riese et al(2014. to the concept of a limb sounder. The demanding require-
The scientific focus of GLORIA is on the region of the ments concerning simultaneous vertical coverage and tempo-
UTLS, due to its immense importance for the climate sys-ral sampling compel us to use an imaging optical system with
tem. Composition and dynamic structure of this region arevery high throughput. The goal of performing tomographic
governed by the complex interaction of various physicalmeasurements could only be achieved with angular agility of
and chemical processes, operating at a wide range of tenthe instrument in yaw direction. The use of a research aircraft
poral and spatial scales. Currently, there is a gap betweens a carrier, with its inevitable pitch, roll and yaw movements
global satellite observations and airborne in situ measureduring flight, made a three-axis stabilisation of the field of
ments in terms of spatial resolution and coverage. Greenview (FOV) during measurement recording indispensable.
house gases such as water vapour and ozone exhibit steepThe specific values for the above-mentioned requirements
vertical and horizontal concentration gradients in the UTLS, (Tablel) are motivated by the following considerations: sci-
which give rise to small-scale variability. A prominent pro- entific interest in the free troposphere requires us to set the
cess is stratosphere—troposphere exchange (STE), includingalue for the lower boundary of the vertical coverage to
convective uplift of moist air in the tropics as well as quasi- approximately 4 km altitude. Viewing by up to 0.&bove
horizontal (isentropic) exchange between the upper tropicathe horizon provides some information on trace gas column
troposphere and extra-tropical lowermost stratosphere. Thesemounts above the aircrafpiwode et al.2012).
transport processes are accompanied by pronounced tracelnfrared limb sounding is capable of providing vertical
gas structures such as tropopause folds or filaments. Filamemesolutions in the 300 to 400 m ranggngermann 2011,
tary trace gas structures typically exhibit a horizontal diam-Ungermann et al2011). Consequently, the vertical sampling
eter of the order of 100 km and a vertical extension of a fewshould be in the range of a few hundred metres at the tangent
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Table 1. Instrument specifications — geometry.
Translation from angular values to distance is made for an observer altitude of 15 km and a tangent altitude of 10 km.

Requirement Value

Vertical spatial coverage

Lower boundary —3.3 below local horizon, typ. equal to 4 km altitude
Upper boundary 0Babove local horizon

Vertical sampling Requiredk 3arcmin

Achieved: 1.9 arcmin, equal to 140 m
Horizontal spatial coverage  Typically 2.5equal to 6.7 km
Yaw pointing range 4510 135
Temporal sampling Requireé: 3s/< 30 s for DM/CM
Current parametrisation:
1.2s/12 s interferogram length for DM/CM
2s/12.8 s temporal sampling for DM/CM
Pointing stability (vertical) 0.7 arcmin, equal to 50 nw {1

point to be compliant with this resolution. The retrieval study and spectral accuracy requirements of a 1% target (2%
of Ungermann et al(201)) further indicates that the hori- threshold) and 10 ppm respectively are necessary and suffi-
zontal FOV size should not be much larger than 10km atcient.
a tangent altitude of 10 km to be compatible with the tomo- A third group of requirements, not mentioned in the ta-
graphic retrieval approach and that the yaw angle should béles, is of a technical nature. The instrument needs to oper-
adjustable to between 45 and 2351 addition, finer sub- ate on aircraft that are able to reach the lower stratosphere.
sampling in horizontal direction should be possible for cloud GLORIA is primarily designed for use on the German High
identification and analysis. Altitude and Long Range research aircraft (HALO), which
The achieved values of 1.9 arcmin vertical and horizon-is based on a commercial Gulfstream G550 business jet (see
tal pixel size reflect the properties of the detector array and-ig. 1). However, the use of the instrument on other aircraft,
the chosen optical system. The typical horizontal sample siz&otably on the Russian M55 Geophysica research aircratft,
of 1.5° mentioned in Tabld represents the integration over has to be provided for. Accordingly, environmental require-
a row of 48 pixels. These values correspond to a sample sizments for temperature inside the instrument compartment as
of 140 m vertically and about 6.7 km horizontally at a tangentlow as —50°C and for ambient pressure as low as 70 hPa
altitude of 10 km seen from an observer altitude of 15km. have to be taken into account. The instrument will be ex-
The second group of requirements (TaBledeals with  posed to vibrations excited by the aircraft turbines and by
the spectrometer itself: the goal of covering, at least, emis-aerodynamics. Precise quantification of excitation levels is
sion bands of carbon dioxide, ozone, water vapour, nitricdifficult before flight, since the instrument itself, its mount-
acid, some chlorofluorocarbons, nitrous oxide, chlorine ni-ing position and the aerodynamic fairing influence the vibra-
trate and methane in the thermal infrared region leads tdion environment. Finally, the instrument has to be certified
a broad spectral coverage requirement of the instrumentior operation on the aircraft. In particular, the certification for
Chlorine nitrate determines the spectral wave number cut-othe HALO is demanding, since HALO in the long term will
to be approximately 780 cnt; water vapour and methane be able to operate as a civil aircraft, without flight restrictions
force to measure the spectral range up to 1400'criThe imposed by the instrumentation.
spectral sampling requirement of 0.0625 ¢nfor the chem-
istry mode is based on experience with the MIPAS FTS
(von Clarmann et al.2009 Friedl-Vallon et al, 2004; 3 Instrument concept
the requirement of 0.625cm for the dynamics mode is 31 Overview
based on experience with the CRISTA dispersive spectrome-"
ter (Riese et a].1997 1999 and on studies performed for o G| ORIA spectrometer is a cooled imaging Fourier
a satellite-borne imaging FTSEEA, 2019. The SeNSIV- " transform spectrometer (IFTS) with a large cryogenic
ity requirements ofltérlget (threshold) 5r(‘vA_strcrrT ) HgCdTe detector array for detection of infrared (IR) ra-
(10nw(cn? srcm‘l )_1) for the dynamllcs_l mode and diation. The spectrometer is mounted in a gimbal that al-
15 nW(cn12 srent) (3_0 nW(cn?srenrt)~h) for the lows agility in pitch, roll and yaw direction. The instru-
chemistry mode are derived from the comparable perfory,qp s designed to be mounted outside of the aircraft cabin.

mances of the precursor instruments. Experience with thesg., i ation sources are two large-area blackbodies and a
precursor instruments has also proven that the rad|ometr|c;deep space” view for radiometric and spectral calibration.
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Table 2. Instrument requirements — spectrometry (given as target/threshold, where applicable). NESR stands for “noise equivalent spectral
radiance”.

Requirement Value

Spectral coverage 780-1400Th

Spectral sampling < 0.625cn1/< 0.0625 cnt 1 for DM/ICM

Sensitivity (NESR) <5nW(em? srenm1y=1(10 nw(ecn? sren1)—1) for DM

< 15nW(cnm?srent )= (30 nw(cm? sreni)—1) for CM
Radiometric gain accuracy 1%/2%
Spectral accuracy 10 ppm

Table 3.Basic instrument properties.

Property Value
Mass of instrument 212kg
Mass of control computer 28kg
Overall length 1610 mm
Overall width 975 mm
Overall height 675mm
Typical total power consumption  ca. 800 W
Figure 1. HALO fully equipped during take-off. The image was Typical raw data rate 600 Mbit<d

taken during the preparations for the TACTS campaign. GLORIA
is mounted in the belly pod below the aircraft.

As mentioned in the requirement section, stabilisation of
the FOV in altitude and orientation is essential. This can ei-
A graphical overview of the instrument is given in F@.  ther be achieved by mounting the spectrometer in a gimbal
and a picture of the instrument mounted in the HALO air- or by fore-optics with a set of controlled scanning mirrors.
craft is found in Fig.3. Table3 provides a summary of key Two aspects led to the adoption of a gimbal mount: first, an
properties. imaging system has an extended FOV (accordingly, not only
An IFTS was chosen as the baseline spectrometer corelevation and azimuth but also image rotation needs to be sta-
cept in order to benefit from the massive total throughputbilised); second, the combination of an image rotation device
advantage of nearly two orders of magnitude that this kindand azimuth and elevation scanner would have led to a com-
of instrument offers in comparison to a conventional FTS. plex optical set-up with many optical elements, a long optical
This advantage is essential in achieving the required spatigbath and, subsequently, large optical elements. It should be
and temporal sampling. Any scanning system, FTS or gratnoted that a downside of the decision in favour of the gimbal
ing, would need a very large entrance aperture to achieve thi the very strict limitation on size and mass of the spectrom-
same throughput. Such a large opening would be difficult toeter.
implement on an aircraft. Further arguments for the imaging On HALO, the whole instrument is mounted outside the
FTS are its flexibility in spectral and spatial resolution and aircraft in the unpressurised belly pod to avoid a large IR
the non-availability of infrared detector arrays that supportwindow in the pressurised aircraft cabin. Such a window
a high spectral resolution dispersive system. would have been outside the calibration path, and it would
Although state-of-the-art IR detector systems still suffer have caused severe flight certification problems. On the
from significant electronic noise, photon noise in our caseM55 Geophysica there is no choice: all instruments have
substantially contributes to the noise performance. Furtherto be mounted in unpressurised compartments. An insulat-
more, a high photon background limits integration time sinceing window is implemented in the spectrometer enclosure to
the full well capacity of the integration capacitors in the read- avoid water contamination and reduce aeroacoustic excita-
out integrated circuit is finite. This limitation has a direct im- tion within the spectrometer.
pact on the sensitivity. Thus, a reduction of the optics tem- The agility of the gimbal yaw frame allows for in-flight
perature from room temperature to 220K leads to a signal-calibration by turning the spectrometer towards the apertures
to-noise advantage of roughly a factor of 3 for a spectrometenf the two large-area blackbody radiation sources. Thus, the
using the infrared detector arrays available to the project (segvhole optical chain including the spectrometer window is in
Sect. 3.2). This fact led us to design an actively cooled specthe calibration path. Due to the high spectral resolution of
trometer. the spectrometer, a posteriori spectral calibration using at-
mospheric lines is possible.
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Table 4.Basic spectrometer properties. LFPA stands for “large focal plane array”.

Property Value

Mass of spectrometer 48 kg

Operating temperature of spectrometer 200-220K

Entrance window diameter 100mm

Max. optical path difference 90 mm double-sided

Camera focal length 72.2mm at 218K

Aperture ratio f/2

Detector type 256HgCdTe-LFPA by AIM GmbH
Pixel pitch 40 um

Operating temperature of detector 50K

Figure 2. Schematic diagramm of the GLORIA instrument. The

@fferem gimbals are colour-coded: blue indicates the pitch framed:igure 3. GLORIA mounted on the belly of the HALO aircraft.
including spectrometer, red the roll frame, green the yaw frame an

gold the mounting frame used to fix the instrument to the aircraft.

The transparent orange bar represents the field of view of the instru-

ment. The grey box at the left-hand side is the power electronics; the Since the task of imaging the limb scene on the detector
pink boxes at the right-hand side are the blackbodies for radiometrican be solved without a telescope in front of the interfer-
calibration. ometer, a telescope was omitted to reduce complexity, vol-
ume and mass. Transfer optics between interferometer and
detector was avoided to reduce the number of optical com-
ponents and the spatial envelope. The downside of a larger

The GLORIA spectrometer needs to be as compact and rigié)eam diameter in the interferometer was an acceptable trade-
as possible. Size and mass are limited within the gimbaIIeCJOff(~:]i\/.en th? benefits. Alinear interferometer set-up was cho-
frame, and the cooled volume must be kept small. The vi-Sen since it was considered as the most compact and me-

bration environment of an aircraft demands a sturdy desigr?han'ca"y robust solution. The spectral resolution require-

with as few optical elements as possible. The optical set.nent does not impose a movement of both retroreflectors.

up of the interferometer is straightforward and simple (Seefl'he.movmg cube corner IS mour_1ted ona dovetail slide that
is driven by a lead screw with a direct-drive motor controlled

Fig. 4). The radiation enters through an insulating doubleb lar high luti tical shaft der. Th
germanium window with wedged plates. Amplitude splitting y an angular nign-resolution optical shaft encoder. 1he ap-
proach leads to a system with high-resonance frequencies

is performed by a dielectric beam splitter on a potassium

chloride substrate. Two Zerodur cube corners — one fixed and_165Cch €tal2019. However, the slide construction requires

one linearly moveable — act as retroreflectors. After recombi—regular servicing. The interferometer provides a maximum

nation, the radiation is focused on the focal plane array withOptical path difference (OPD) of up to 9 cm. Two-sided in-

an achromatic infrared doublet. The interferometer needs t&erferogra_ms with Q.8cm or W'th 8cm maximum O.PD are
recorded in dynamics and chemistry mode, respectively.

be enclosed since it is cooled and has hygroscopic compo- !

nents in the infrared optics. The insulating window solution Th_e q_uad_rature reference SVSt?m fqr the optl_cal-path de-

is compact and allows simple testing of the cooled instrumenferm"n_""lt'on is based on a Ia_ser diode in the visible spectrgl

on the ground under ambient conditions. domain whose temperaturg_ is control_led b_y a thermoelectric
element. The spectral stability of the diode is enhanced by the

3.2 Spectrometer

www.atmos-meas-tech.net/7/3565/2014/ Atmos. Meas. Tech., 7, 358, 2014
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Insulation 3.3 Calibration

Fixed cube corner Y feed-through
module

Stirling cooler

Interferometer The radiometric calibration system consists of two identi-

slide cal large-area high-precision blackbody radiation sources,

) =T 3 which are independently stabilised at two different temper-

petectorunt Y g X‘\ atures with the help of thermoelectric coole@lgchewski
Insulation

Reference
laser unit

Lens

et al, 2013. The achievable temperatures of the blackbod-
ies depend on the ambient temperature and pressure, with
the colder of the two reaching at least 10K below ambient.
Cloud camera The blackbodies are cavities with aluminium pyramids on
Figure 4. Schematic diagramm of the GLORIA spectrometer in- the baseplate. The emissivity of the blackbodies is _required
cluding insulation. The instrument is cut in the horizontal plane to {0 P€ better than 0.997 and the temperature uncertainty to be
show the optical set-up and the slide construction. better than 0.1 K in order to reach the radiometric calibration
uncertainty target of 1%Monte et al, 2014). In addition,
the gimballed frame allows us to direct the centre of the FOV
use of volume holographic gratings. The design was choseto 10 upwards at the 90position of the yaw gimbal. Scene
for its compactness and its ability to operate at low temperaspectra taken at this position can be used as proxies for deep-
tures within the cooled spectrometer. space spectra. They serve as complementary calibration in-
The infrared radiation is focused on the detector array withput for direct offset estimation after the removal of residual
an air-spaced aspheric Ge-ZnSe doublet with a focal lengtlatmospheric emission lines.
of approximately 72.2mm at an operating temperature of Spectral calibration is achieved by the analysis of the spec-
218 K. Since the total thermal operating range of the instru-tral position of selected Cflines in the range of 940 to
ment is too large for an athermal design, a motorised threa®72 cnt!. The scene spectra of the upward measurements
allows focusing the optics according to operation tempera-are best suited for this purpose because they are usually free
ture. of clouds over the whole FOV.
The infrared detector is an HgCdTe large focal plane ar-
ray (LFPA) from the German supplier AIM GmbH and has 3.4 Gimballed frame and pointing
256 x 256 photovoltaic detector elements with a pitch of
40 um. It is read out with a 10 MHz clock and eight taps As scientifically required, the gimbal mount provides agility
and allows the selection of subframes. Typical frame rateson all three axes. For all gimbal angles set to the gim-
are in the range of several kilohertz, depending on the sizédal coordinate system is congruent with the aircraft system.
of the chosen subframe. Currently, a subframe with:128 When looking across track, the gimbal pitch frame compen-
elements is used resulting in a frame rate of 6.3 kHz. Framesates aircraft roll movements. The gimbal yaw level is free to
integration time is adjustable and is varied between 30 andnove from—20 to 140 relative to the aircraft longitudinal
120 us, depending on the scene brightness. The read-out ciaxis. Thus, it grants a view of the atmospheric limb in a range
cuit allows integration in parallel to the read-out process.from 45 to 135 and access to the two blackbodies that are
The long-wave cut-off of the HgCdTe material is roughly mounted at gimbal yaw angles of aboufl0 and 20. De-
780cnm! at the detector operation temperature of 50K, pending on the carrier aircraft and mounting position of the
which is maintained by a Stirling cooler. instrument, angular views above F28ay be obstructed by
The interferometer itself is cooled with liquid carbon diox- the aircraft wing and, accordingly, will not be used during
ide that is sprayed into the cooler tank under high pressureneasurements. The gimbal roll level allows compensating
through small injection pipes. The carbon dioxide pressurefor aircraft movements that would otherwise rotate the FOV
drops sharply at the exit holes of the pipes, leading to adiabetween 0 and £0 The gimbal pitch level is agile from 24
batic cooling and to the generation of carbon dioxide snow.for deep-space calibration measurements dowra8° for
The carbon dioxide snow keeps the instrument at its opernadir observation.
ating temperature range of 200 to 220K for approximately The pointing accuracy requirements can only be fulfilled
24 h Piesch et aJ2014). The operating temperature has beenwith high-precision sensors. Measurements from an iner-
chosen as an optimal compromise between technical comtial measurement unit (IMU) with laser gyroscopes on the
plexity and improved noise performance. A lower operatinggimbal yaw frame and a three-axis microelectromechanical
temperature would have required evacuation of the instru{MEMS) gyroscope on the pitch frame as well as informa-
ment leading to increased mass and volume. Furthermordjon from a GPS and inductive angular encoders are fused
it would not have led to a significant increase of signal-to- to provide both fast attitude changes and stabilisation of the
noise performance, since full integration time efficiency of FOV. The navigation and gimbal control system was devel-
the detection system can be reached at the chosen operatimged in collaboration with iIMAR Navigation GmbH, Ger-
temperature. many. All gimbal levels are powered by direct-drive motors

Beamsplitter unit

Entrance window
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and independent drive controller units. An additional cam-Brault’s interpolation methodBrault, 1996. Spectral cali-

era operating in the visible spectral domain is mounted orbration parameters are derived from atmospheric signatures
the interferometer. This camera covers a wide FOV, therebyin a pre-processing step. Apparent image distance, the po-
completely enclosing the FOV of the spectrometer. For mostition of the optical axis on the array and a linear spectral
of the interferograms, correlated images of the scene or videgcaling factor are determined. These parameters feed a sim-
sequences are taken. The information provided by this cample model that is used in the reconstruction process of the in-
era can be used for cloud identification and for pointing qual-terferogramskKleinert et al, 2014). The first processing step

ity analysis. also includes a non-linearity correction based on a common
correction curve for all pixels derived from laboratory char-
3.5 Data acquisition concept acterisation of the detector moduleh@ 2013. The interfer-

ograms are then Fourier-transformed into complex spectra.
The general data acquisition concept is straightforward and Three different data sets are available for radiometric cal-
simple but technically demanding. All scientific raw data are ibration: a deep-space view, with the instrument looking 10
stored on a fast solid-state disk array in the aircraft. No at-upwards, and two blackbody views with different tempera-
tempt is made to process a significant part of the data duringures. Since the instrument optics are thermally drifting, with
flight since adequate telemetry bandwidth to send the data rate of approximately 1 KH, calibration measurements
to ground is not available on civil aircraft. The most impor- are performed every 30 to 45 min. The deep-space measure-
tant goals of the electronics design were to provide high-ments are contaminated by atmospheric lines that are re-
bandwidth storage capabilities and to allow semi-automaticnoved by the subtraction of forward-calculated spectra using
instrument control by supplying meaningful housekeepingclimatological parameterisation and a preliminary estimate
and data quality parameters. A modular scalable design alef the spectrometer gain. In the next step, the spectrome-
lowed for the parallel development of the different functional ter gain is determined from the cold blackbody measurement
units and facilitates repair in the case of the malfunction ofand the offset estimate. The spectra are calibrated in the com-
units. plex domain following the approach introduced Bgver-

The command and control communication infrastructurecomb et al.(1988. The resulting hypercubes of calibrated
for the main functional units (interferometer electronics, data are an interim product with full spatial and spectral res-
pointing control, the different power control units, additional olution. They can be used for image analysis, e.g. cloud de-
devices such as the visual cloud camera and the central cortermination.
trol computer) is realised by Ethernet. Communication is After the application of a bad-pixel mask that eliminates
based on a custom-made slim and flexible software architecpixels with radiometric gain errors larger than 1.5%, the
ture and protocol. On the ground, operators can connect tealibrated data are spatially co-added to row averages. The
the instrument via a wireless interface. During flight, a low- final data product is a column of 128 calibrated spectra
bandwidth connection with an Iridium link provides limited per measurement and is fed into different retrieval codes
access to command and control of the instrument. On HALO(Ungermann et a1.201Q Woiwode et al. 2012 Kaufmann
an optional in-flight operator computer can be directly con-et al, 2014, depending on the scientific focus of the mea-
nected to the instrument local area network (LAN). The op-surement. Figuré shows a sequence of CM spectra over the
erator can use the Iridium link for low-bandwidth text-based full spectral range measured by the instrument, andé-ig.
communication with the ground crew. a zoom in the spectral range of 830 to 900¢niThe spectra

The IR data is digitised with 14 bit analogue—digital con- are apodised with the Norton—Beer strong functibiorfon
verters in the detector front-end electronics; each IR imageand Beer1976.
is tagged with a time stamp issued from an 80 MHz clock
within the interferometer data acquisition electronics and
then sent to storage via the Camera-Link interface. This ad4 Instrument performance
ditional high-speed link, dedicated to the transfer of the mea-
sured interferograms, guarantees continuous data throughpithe first flights of GLORIA took place within the ESA
and avoids congestion of the command and control LAN.Sounder Campaign (ESSenCe) on the M55 Geophysica from
The reference laser zero crossings are detected with higKiruna in northern Sweden in December 2011. Two success-
temporal resolution, and the time stamps of these events, idul technological flights into the Arctic were performed. In
sued from the same clock as for the IR images, are sent ttate summer 2012, GLORIA was embedded in the Trans-

storage via LAN. port and Composition in the upper Troposphere and lower-
most Stratosphere (TACTS) and Earth System Model Val-
3.6 Data processing idation (ESMVal) campaigns. Scientific flights over Eu-

rope and the Atlantic were performed with the HALO air-
IR interferograms are reconstructed post-flight for each pixelcraft from Oberpfaffenhofen in southern Germany. In ad-
on a common, spatially equidistant sampling grid usingdition, HALO circled Africa and performed an excursion

www.atmos-meas-tech.net/7/3565/2014/ Atmos. Meas. Tech., 7, 355, 2014
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Figure 5. Calibrated spectra measured in chemistry mode during
the flight on 26 September 2012 above the North Atlantic Ocean.

The spectra cover the full spectral range of the instrument. The
labels indicate the row number on the detector array. To improve g
readability, not all 128 rows are shown. Row 1 corresponds to the £ 12}

lowermost tangent altitude of approximately 5km, row 96 corre-

sponds approximately to the flight altitude of 14 km, and row 120 .

corresponds approximately to a viewing angle ofCaBove hori-

zon. The spectra are generated by co-adding all spectra of one row

total integration time is 12 s.
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Figure 7. Upper panel: retrieval result for temperature for the flight
on 26 September 2012 above the North Atlantic Ocean. The flight
altitude of HALO is indicated by black crosses. The lower boundary
of the retrieval is determined by clouds. Lower panel: temperature
difference between the retrieval result and the ECMWF analysis.

Figure7 depicts an overview of the result of the dynamics
mode temperature retrieval for the flight over the North At-
lantic on 26 September 2012. Good-quality temperature in-
formation is available from the ECMWF. We used the anal-

Figure 6. Calibrated spectra measured in chemistry mode duringysis model with a horizontal resolution of 16 km and inter-
the flight on 26 September 2012 above the North Atlantic Ocean. Apolated the model data linearly in space and time to the lo-
zoom of the data set of Fig. 5 in the spectral region of between 83Ccation of the measurement points, i.e. to the tangent points.

and 900 ¢! is shown.

towards Antarctica. GLORIA encountered various climato-
logical conditions ranging from mid-latitude summer to trop-
ics and Antarctic winter. Thirteen scientific flights with more
than 100 flight hours in total were carried out. GLORIA de-
livered data from all but one flight. It was operated in all
scientific operation modes including tomography mode. Th
following section concentrates on the verification of the com-
pliance with the overarching scientific requirements of flight

data. Detailed characterisation and performance analysis o

a subsystem level will be described in future publications.

Atmos. Meas. Tech., 7, 3563577 2014
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The comparison of the retrieved data with this interpolated
ECMWEF data provides an opportunity for an overall quality
check on the product level.

Compliance with geometrical instrument requirements,
i.e. the vertical extension and the correct placement of the
FOV at the horizon can be verified with this data set. Fig-
ure 8 illustrates the agreement of the retrieval result with
the ECMWEF field. The retrieval has been performed with-
out using the model data for the construction of the a priori
information. The retrieval for a nominal FOV of 4.08s de-
rived from engineering data and focal-length determination
Huring spectral calibration is compared to a retrieval where
the FOV was assumed to be 1% larger and smaller. The
nominal FOV shows the smallest average difference between

www.atmos-meas-tech.net/7/3565/2014/
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Figure 8. Deviations of temperature retrieval results for different

FOV sizes. Average difference between ECMWF analysis and tem-
perature retrieval is shown for the flight on 26 September 2012. The 9 km
blue line indicates the average difference for an assumed vertical

FOV of 4.04, the red line for an assumed vertical FOV of £08

and the green line for an assumed vertical FOV of 4.12 7 km

5 km
retrieved temperature and ECMWF field. A negative bias of 0o 0 o0 S0
approximately 0.5K is seen over most of the altitude range. horizontal pixels (relative)
Due to the limb-observing geometry, the largest sensitivity
to a FOV scaling error is seen in the lower altitudes. The re-Figure 9. Radiance image taken on 26 September 2012 over
sults indicate that an erroneous reconstruction of the retrievai"® North A“ai'gilocea“- The image shows mean radiance in
grid is detectable. This inherently verifies other geometricalwatts(cmz srent) petweeq 890 and 950 cn. Approximate

. . A . - [titudes of tangent points are indicated by the scale on the left-hand
rgqmr_ements such as sgmpllng Sizen ver.tlcal ar]d hOI‘IZ.OI’]t ide. A thin Cirrus cloud layer can be seen at an altitude of approx-
fj'reCt'on' _The mean pOIntln_g offset for this _part_'C_UIar flight imately 9.5 km. The white dotted horizontal line indicates the flight
is determined to be approximately 0°08y minimising the  giitude of 13.6 km.
variance of the deviation.

Vertical resolution of the instrument can be directly de-
duced from IR images showing cloud structures. Figlire point represents one column of 128 spectra; 42 columns are
shows an IR image of a subvisible cirrus cloud taken dur-recorded in 84 s. The pitch angle variation over the measure-
ing a flight over the North Atlantic Ocean on 26 Septem- ment sequence is caused by the compensation of the pitch
ber 2012. It illustrates the in-flight imaging quality of the IR and roll movements of the aircraft. The result of a successful
system. In parts, the observed cirrus layer is as thin as oneomographic retrieval is shown [Biese et al(2014).
pixel row. Vertical resolution of the retrieval can be derived Pointing stability is characterised using IR image analy-
from retrieval diagnostics. Figurg0 depicts the achieved sis methods combined with the evaluation of attitude sen-
vertical resolution for the trace gas HNy@nd demonstrates sor data. The analysis of image motion in the IR data leads
the agreement with the scientific requirement. The retrievalto pointing information with high temporal resolution due
diagnostics in chemistry mode indicates a vertical resolutionto the detector frame rate of 6.3 kHz. Various image analy-
of the product of 280 to 400 m. The difference in mixing ratio sis methods have been implemented and are currently being
and vertical resolution are based on the retrieval characterigested. Housekeeping data of the navigation and gimbal con-
tics of the codes used, in particular on the selection of thetrol unit and the three-axis MEMS gyro is used to comple-
spectral windows and on the regularisation scheme. ment this analysis. Preliminary results indicate compliance

Compliance with yaw agility and temporal sampling re- with requirements. The detailed analysis will be published
guirements for the tomography mode is illustrated in BEly.  elsewhere.
The yaw and pitch movement of the gimbal during one The spectral coverage and sensitivity of the instrument
tomography sequence is shown. The yaw angle is decrecan be deduced from Fig2. The given values for the dy-
mented from 128 to #4in 4° steps. Every measurement namics mode are derived from the variance of a sequence

0.0e+00
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5 instrument. A detailed analysis using redundant in-flight cal-
© 8r ibration measurements is ongoing. First results are presented
7L x—< chemistry || in Kleinert et al.(2014) and indicate a radiometric accuracy
= dynamics of better than 1.5 % over most of the spectral range.
80 01 o0z 03 04 05 08 07 The instrumental line shape (ILS) is determined through
HNO; resolution (km) modelling of the instrument: the point spread function is cal-

. , ) culated with the help of a ray-tracing program and then fed
Figure 10. Typical retrieval result for HN@ from 13 Septem- jntg 5 numerical ILS model. The applicability of these calcu-

ber 2012 between Cape Town Qnd Antarctica. A data CUbe, Withations to the real instrument has been verified by lab mea-
chemistry mode spectral resolution has been processed with the

chemistry mode retrieval code and, for comparison, also with dy_surements with a gas cell. Figuld depicts the calculated

namics mode spectral resolution and dynamics mode retrieval (:odé.l‘S f,unCt',on for th_e Ch,em'Stry mgde fora Cor,ner pixel of the
nominal field of view in comparison to the ideal ILS for a

wavelength of 10 um. The calculated ILS function has been

re-centred to correct for the scaling of the wave number axis.
of blackbody measurements during flight and can be seerrhe impact of the field position of the pixel on ILS maxi-
as a conservative estimate of the performance during atmomum and asymmetry can be seen clearly in this worst-case
spheric measurements. The values indicate that GLORIA isscenario. The impact on line width is in the range of a few
closer to target than to threshold requirements over most opercent. The effects are more than an order of magnitude
the spectral range. The spectral cut-off of the detector ijess pronounced in dynamics mode due to the significantly
rather soft and the region from 780 to 900chis already  |ower spectral resolution. The modelled ILS will be used in
in the cut-off slope, leading to a small non-compliance in thefuture in the retrieval process both in chemistry and dynamics
wave number region below 800 crh Even better sensitivity  mode. The current preliminary L2 data set has been produced
was expected from the analysis of individual pixels, but spa-without the use of the ILS model for practical implementa-
tial co-addition to row averages does not improve the nois&jon reasons. Spectral calibration is already performed in LO

values as fully as expected, suggesting a spatially correlategrocessing; the accuracy is regularly checked in the retrieval
electronic noise source. The noise equivalent spectral radiprocess.

ance (NESR) analysis in CM mode in FitR is performed

with a deep-space measurement. In this mode, the instrument

complies with target requirements over most of the spectrab  Conclusions and outlook

range. Here, the noise determination is based on the statistics

over the 128 rows. GLORIA has been deployed in three different scientific cam-
The consistently good quality of temperature retrievalspaigns (ESSenCe, 2011; TACTS and ESMVal in 2012) on

with an overall bias of approximately 0.5K (see F&).is two different aircraft — Geophysica, HALO — in various

an indicator of a sufficient radiometric performance of the climatic conditions. The instrument has demonstrated the

Atmos. Meas. Tech., 7, 3563577, 2014 www.atmos-meas-tech.net/7/3565/2014/
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Figure 12. Sensitivity analysis for a calibration sequence of the
flight on 26 September 2012. The dotted/dashed lines in black and
red depict the target/threshold requirements for DM and CM, re- o= o4 03 —02 01 o0 oL o2 03 o4 o5
spectively. The black circles represent the mean noise equivalent Wave number [cm™Y

spectral radiance (NESR) values for the L1 product based on statis-

tics of 43 consecutive real blackbody spectra. Spectral sampling i$igure 13. Modelled ILS function for an optical path difference of
0.625 cnm1; total integration time is 1.2 s. The red crosses show the8 cm (chemistry mode) for the corner pixel of the nominal field of
mean NESR for one deep-space measurement based on the statistidgew in comparison to the ideal ILS for a wavelength of 10 um.
over the 128 rows. Spectral sampling is 0.0625¢ntotal integra-

tiontime is 12s.

Difference [%)]
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