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Abstract

A DOAS (Differential Optical Absorption Spectroscopy) instrument was implemented
and operated onboard a long-distance passenger aircraft within the framework of the
CARIBIC project (Civil Aircraft for the Regular Investigation of the atmosphere Based
on an Instrument Container). The instrument was designed to keep weight, size and
power consumption low and to comply with civil aviation regulations. It records spectra
of scattered light from three viewing directions (nadir, 10° above and below horizon)
using a miniaturized telescope system. The telescopes are integrated in the main pylon
of the inlet system which is mounted at the belly of the aircraft. Fibre bundles transmit
light from the telescopes to spectrograph-detector units inside the DOAS container
instrument. The latter is part of the removable CARIBIC instrument container, which is
installed monthly on the aircraft for a series of measurement flights.

During 30 flight operations within three years, measurements of HCHO, HONO, NO,,
BrO, O3 and the oxygen dimer O, were conducted. All of these trace gases except BrO
could be analysed with a 30s time resolution. HONO was detected for the first time
in a deep convective cloud over central Asia. BrO, NO, and O3 could be observed
in tropopause fold regions, biomass burning signatures over South America could be
seen and measurements during ascent and descent provided information on boundary
layer trace gas profiles (e.g. NO, or HCHO).

1 Introduction

Earth’s atmosphere is a complex and variable system that calls for short-and long-
term observations with sufficient spatial and temporal resolution. The CARIBIC aircraft
project (Civil Aircraft for the Regular Investigation of the atmosphere Based on an In-
strument Container) is a comprehensive approach to obtain detailed long-term obser-
vations over large sections of the globe. It represents a successful European enterprise
to operate an automated instrument container on board a passenger long-distance
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aircraft. Presently an Airbus (A340-600) of the German airline Deutsche Lufthansa
is being used. The instrument container accommodates more than 20 in-situ instru-
ments to measure atmospheric constituents like CO, O3, H,O, NO, NO,, Hg as well as
aerosol number density (Brenninkmeijer et al., 2007). A novel feature of this project
(CARIBIC Phase 2) is a DOAS instrument to measure formaldehyde (HCHO), nitrous
acid (HONO), nitrogen dioxide (NO,), bromine oxide (BrO) and ozone (O3), thus adding
a remote sensing capability to CARIBIC. Being a small and light system with very low
power consumption, this DOAS setup is particularly well suited for such a project. Mea-
surement flights started in 2005 and will continue until at least 2014.

Unlike previous airborne DOAS measurements (e.g. Wahner et al., 1990; Heue et al.,
2005; Bruns et al., 2004, 2006; Wang et al., 2005, 2006), the DOAS system in CARIBIC
represents the first long-term and long-distance approach. CARIBIC is helping to fill
the gap between ground- and space-based observations: While in-situ measurements
and sampling provides detailed information on the upper troposphere and lower strato-
sphere (UTLS), the main focus of the CARIBIC DOAS instrument is trace gas mea-
surements in the free troposphere. The specific Multi-Axis DOAS viewing geometry
shown in Fig. 1 attains a higher sensitivity towards the free troposphere than most
satellite geometries, whereas ground-based instruments are typically most sensitive
to the planetary boundary layer. Even though the CARIBIC measurements are con-
fined to the given flight tracks, spatial and temporal resolution are high. The CARIBIC
DOAS measurements are in particular motivated by the interest to study the global tro-
pospheric distribution of trace gases such as BrO (particularly in the mid-latitudes and
tropics) or HONO, since many open questions remain regarding the global sources,
abundance and sinks of these species (e.g. v. Glasow et al., 2004; Simpson et al.,
2007; Lammel and Cape, 1996; Saiz-Lopez et al., 2006; Kleffmann et al., 1998; Acker
et al., 2006; Volkamer et al., 2007). In addition to measurements at flight altitude, ob-
servations during ascent and descent of the aircraft provide information on trace gas
concentration profiles in the planetary boundary layer.

After nearly three years of regular measurement flights (with a total of 30 flights
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where DOAS data were collected), a broad spectrum of different findings underlines
the significance of the DOAS measurements. For example, HONO has been detected
in deep convective clouds for the first time, and on some flights BrO, NO, and O; could
be observed in tropopause fold regions, indicating troposphere-stratosphere exchange.
In this study the technical realization and flight performance of the CARIBIC DOAS
instrument are presented. First, the MAX-DOAS technique is introduced and a detailed
description of the instrumental setup is given. The second part is dedicated to flight
performance and data analysis, while the third part presents selected results.

2 Instrumental setup
2.1 Overview

The CARIBIC system consists of an instrumented container, which is deployed monthly
in the forward cargo compartment, and of an inlet (see Fig. 2, left panel), permanently
mounted on the aircraft fuselage to provide air samples for the instruments in the con-
tainer. For the DOAS measurements, a telescope system is integrated in the main
pylon of the inlet system (see Fig. 2, right panel). The light is transmitted via quartz
fibre bundles to three spectrograph-detector units of identical design inside the DOAS
container instrument, where spectra of UV-visible scattered sun light are recorded.
When the container is absent, the fibre bundles are stored in the aircraft at the Con-
tainer Connector Bracket (CCB, see Fig. 2, left panel), and the DOAS windows in the
pylon are sealed-off.

The well established DOAS method (Platt and Perner, 1980; Platt, 1994; Platt and
Stutz, 2008) is used to identify trace gases by means of their individual differential (i.e.
narrow band) absorption structures. With this method BrO, NO,, HONO, HCHO, O,
and the oxygen dimer O, were measured during CARIBIC flights. Spectra are recorded
between 320 and 460 nm with a 30 s time resolution from three different viewing direc-
tions, namely 10° above and below horizon and nadir (see Fig. 1). By applying different
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telescope elevation angles (a, see Fig. 1), the measurements become sensitive to
different atmospheric layers, which is the essence of the Multi-AXis- (MAX-) DOAS ap-
proach. Since MAX-DOAS utilises scattered sun light as a light source, there is no well
defined single light path (although in many cases the general dependencies of MAX-
DOAS observations can be well described by a single scattering approximation, see
Fig. 1). Therefore the result of the DOAS analysis is a Slant Column Density (SCD),
which is the weighted average over the integrated concentrations along all possible
light paths (e.g. Solomon et al., 1987; Perliski and Solomon, 1993; Marquard et al.,
2000).

The sensitivity of this type of viewing geometry can be expressed by Box-
AirMassFactors (Box-AMFs), as shown in Fig. 3. These Box-AMFs are calculated with
Tracy Il (Deutschmann and Wagner, 2006; Wagner et al., 2007), a backward Monte
Carlo radiative transfer model. They quantify the contribution of a thin layer of trace
gas to the SCD and thus the DOAS signal. Box-AMFs are calculated for a typical
cruising altitude and Solar Zenith Angle (SZA) at a wavelength of 355nm, which is
representative for most trace gases observed during the experiments. Each Box-AMF
denotes how sensitive the measurements are towards changes of the vertical trace
gas column within a given box, i.e. an atmospheric layer of height A. It is apparent that
the slant viewing directions yield the highest sensitivities to atmospheric layers directly
above and below the aircraft. The nadir direction exhibits overall smaller Box-AMFs,
yet it provides the highest sensitivity towards layers near the surface.

Overall, the CARIBIC DOAS instrument is designed to keep weight and power con-
sumption low. The equipment is reduced to essential parts and miniaturized where
possible. The telescope system could be realized by three miniaturized telescope
units, housed in a small aluminium block (see Fig. 4). The DOAS container instru-
ment fits in one of five 19" racks of the CARIBIC instrument container, weighs 16 kg
and needs 75W at maximum cooling power. It houses three temperature stabilized
custom made spectrograph-detector units based on Ocean Optics USB2000 miniature
spectrometers, power supplied via USB by an embedded PC (see Sect. 2.4 below).
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Apart from restricted weight and power consumption, all components must be able
to sustain vibrations and the inlet system needs to sustain substantial daily temper-
ature differences over many years. Moreover, using a passenger aircraft for regular
measurements requires that all instrumentation needs to be built in compliance with
civil aviation regulations, which in summary leads to the following requirements: (1)
All instruments need to pass an electromagnetic compatibility test. (2) Measurements
must be fully automated and controlled by a master computer. (3) All parts permanently
installed in the aircraft should be maintenance free.

2.2 The telescope system in the pylon

As stated above, the telescope system consists of three miniaturized telescope units,
mounted in a 120x70x 15 mm aluminium block. Figure 4 (left panel) shows a drawing
of the telescope block. Each telescope unit serves as entrance optics for its respective
viewing directions. The pylon is mounted at the lower side of the aircraft body at an
angle of 8° to the right (looking in flight direction) from the vertical. Therefore the
“nadir” viewing telescope looks 8° from the true nadir direction. Each telescope unit
consists of a quartz lens, one or two quartz prisms and a filter (Schott UG5). The
filter reduces the intensity of radiation for wavelengths above 400 nm to reduce stray
light in the desired wavelength range (320—400 nm). Incoming light is reflected by 90°,
using prisms (5x5mm), and then focused on the entrance of quartz fibre bundles by
lenses (f=15mm). The units are air tight to prevent condensation of water vapour on
optical components. During measurement flights, the telescope block is heated (15W,
unregulated) to avoid freezing of water on the outside surface of the entrance optics
(prisms). The field of view of each telescope is 1.9° (full angle). For a typical flight
altitude of 10 km, aircraft velocity of 900 km/h, and time resolution of 30s, the ground
pixel covered by the nadir field of view is 0.33 km (cross track) by 7.8 km (along track).

The quartz fibre bundles are connected to the telescopes by 1/16” Swagelok Ultra
Torr adapters that are hermetically sealed, with their nuts secured using an adhesive
that sustains large temperature variations. The sealing o-ring of each adapter was
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replaced by a silicone ring compatible with temperatures as low as —60°C. Before each
measurement flight the telescope prisms are inspected and cleaned if necessary. After
the flight the telescope entrance holes are covered with metal tape to eliminate foreign
object debris. The telescope system is otherwise maintenance free.

2.3 The quartz fibre bundles

The telescope units are connected to the spectrometers by three 5 m long quartz fibre
bundles, each consisting of 4 individual quartz fibres with a diameter of 210 um and a
numerical aperture of 0.22 (f/2). At the telescope end, the four fibres are arranged in a
rectangular geometry to fit the area illuminated by the quartz lens. At the spectrometer
end (exit) the fibre bundles are arranged in a column, in order to optimize the illumi-
nation of the the 50 um wide and 1000 um high spectrometer entrance slit. A quartz
fibre bundle has a greater tolerance to bending, compared to a single thicker fibre. The
greater tolerance was necessary as the integration of the fibre bundles in the inlet sys-
tem required a bending radius of as low as 60 mm. Also, fibre bundles are known for
largely reducing the polarization sensitivity of grating spectrometers (Stutz and Platt,
1997).

Figure 4 (right panel) shows a photograph of the DOAS telescope block, taken during
the assembly of the inlet system. The whole procedure of installing the inlet system
with the DOAS block was a rather complex procedure. The entire inlet system had
been fully pre-assembled prior to aircraft mounting. Since the instrument connectors
of the three quartz fibre bundles were too bulky to fit through the inlet system, the
respective telescope ends were fed from the aircraft above through the inlet via a metal
tube upon aircraft installation. This tube served as a guide during the installation, and
prevents damage to the fibre bundles in use. After this the optical connection with the
Ultra Torr adaptors was made, and the inlet system was slowly raised until contact with
the fuselage. Finally the three fibre bundles were sealed with aviation type potting mix
inside a 1/2 inch piece of stainless steel tubing that was held by a bulk union (Swagelok)
mounted in the so called “pressure box”, i.e. the pressure seal feed-trough inside the
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aircraft (Inlet Connector Bracket, ICB, see Fig. 2, left panel). Inside the aircraft, the
quartz fibre bundles run underneath the cargo compartment floor panels from the ICB
to the CCB. The CCB is a 30 cm square, 15 cm deep through in the floor, containing all
inlet tubing. The fibre bundles are stored in a drum inside the CCB and are carefully
uncoiled and connected to the DOAS instrument upon installing the container in the
aircraft. Straps support the fibre bundles from the CCB to the instrument 1.20 m above
the CCB.

2.4 The DOAS container instrument

Figure 5 provides a block diagram of the container component of the DOAS instrument.
Apart from the spectrograph-detector units, cooling and computer, the instrument con-
sists of the following components: an RS232 — Ethernet converter to establish commu-
nication to the master computer in the container, an EMC-filter and a DC/DC converter
(VICOR). The instrument housing (ratiopac PRO) is designed to reduce electromag-
netic interference. This setup proved to be sufficient to pass the necessary electro-
magnetic radiation test.

The main component of the container instrument is three Ocean Optics USB2000
spectrograph-detector units (90x60x35 mm), one for each viewing direction. The spec-
trograph (F/#=4) is a crossed Czerny-Turner type, which reduces the required optical
bench size. The spectrometers use plane diffraction gratings (Ocean Optics grating
#7, 2400 gr/mm, holographic). The detector itself consists of a linear CCD array with
2048 pixels (SONY ILX511), providing a spectral resolution of 0.7 nm (FWHM). The
three spectrometers are mounted in a separate air tight box to prevent condensation
of water vapour and to increase temperature stability, since changes in the optical ad-
justment affect the spectral retrieval. Accordingly, the connections of the quartz fibre
bundles to the spectrograph-detector units need to be airtight. For this purpose 1/4"
cylindrical stainless steel end pieces were glued to each quartz fibre bundle. The cylin-
drical end pieces are the counterpart of 1/4” Swagelok Ultra Torr Adapters. In order
to ensure the correct optical alignment of the quartz fibre bundle exit and the entrance
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slit of the spectrographs, the fibre bundle end pieces and the Ultra Torr adapters are
equipped with spanner flats, allowing only a connection in the correct position. The
temperature control unit uses a PT100 sensor for measuring the optical bench tem-
perature, an electronic temperature controller, and three Peltier elements inside the
spectrograph box for cooling. The temperature was usually set to +18°C, compro-
mising between reducing the dark current and occasional high ambient temperatures
(exceeding +40°C).

The spectrograph-detector units are conveniently connected and supplied with power
via USB ports of the measurement computer (96x116 mm, PC/104, 200 MHz proces-
sor type Geode GX1, 10W). An active USB hub is employed to provide the necessary
number of USB connections. A 1GB flash memory card serves as hard drive and
is used for data storage. The measurement software is run on Windows 2000. The
remaining data storage space on the memory card corresponds to about 45 h of mea-
surements. A set of monthly measurement flights (e.g. return flight to Santiago de
Chile via Sao Paulo, Brazil) provides typically about 30 h of data, using a 30s expo-
sure time per spectrum. To attain a better signal-to-noise ratio, 5, 10 or 15 consecutive
spectra were co-added after flight, resulting in time resolutions of 150, 300, or 450,
corresponding to 39 km to 117 km of spatial resolution (along track).

The measurement software is fully automated and entirely controls the measure-
ments once power is provided. It records scattered light spectra during daylight hours
and background spectra during the night. It also establishes communication with the
Master PC as required. Thereby, e.g. the PC time is synchronized. Since the DOAS
instrument needs only little power, it is allowed to measure during ascent and descent,
while larger power consumers in the container need to be switched off due to safety
requirements.
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3 Flight performance and data analysis

A total of 30 monthly flight operations from Frankfurt/Main were performed with the
CARIBIC MAX-DOAS system from December 2004 to February 2008. Flight destina-
tions were South America (Santiago de Chile via Sao Paulo, Brazil) and South-East
Asia (Manila via Guangzhou, China). Also destinations in the US and India were vis-
ited. Some 40-60% of the flight time, depending on the season, was spent during
daytime on these routes in 2005-2007. Since all respective flight legs over oceans
and in the tropics took place at night time, DOAS data was collected over continents in
mid-latitudes and the subtropics.

The deployed DOAS hardware proved to be suitable and reliable on these flights.
However, during the course of measurement flights in 2005, the 10° up and 10° down
viewing directions exhibited very low light intensities compared to the results of the
very first measurement flight. This issue will be addressed separately in Sect. 3.1. The
measurement software was updated several times to attain a higher stability and to in-
clude automated background measurements and a watchdog program. Occasionally,
temperature instabilities caused by large changes in the ambient (container) tempera-
ture, in particular during landing and take-offs, led to shifts in the wavelength calibration
of the spectrometer. However, this could mostly be corrected during the data analy-
sis procedure. The overall flight performance proved regular DOAS measurements on
long-distance flights to be very well feasible.

3.1 Performance of the DOAS telescopes and fibre bundles

During 2005 the light sensitivity of the 10° up and 10° down viewing telescopes de-
creased and continued to be very low, sometimes even zero, so that until February
2008 data was mainly available from the nadir viewing direction only. Since tests
showed that the container instrument could be excluded as an error source, the prob-
lem could only be addressed upon detachment of the inlet system. In January 2008,
the inlet system had to be taken off as part of a major routine aircraft check. On this oc-
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casion the quartz fibre bundles and the telescope system were replaced. It turned out
that the connection of the quartz fibre bundles to the telescope had become loose for
the 10° up viewing direction and that the UG5 filter in the 10° down viewing telescope
unit had been broken to pieces, either due to temperature stress or vibrations or both.
After the replacement the light intensity of all three viewing directions is satisfying. The
telescope system was replaced without modifications, whereas the quartz fibre bun-
dles were replaced by new ones, now consisting of 6 individual quartz fibres of 150 um
each and with a numerical aperture of 0.11 (f/4) to better adjust to the specifications
of the spectrograph-detector units. To prevent any quartz fibre bundles from becoming
loose again, the Ultra Torr Adapters were additionally secured with a silicone sealant
applied to the outside of the connector.

As noted above, upon each measurement flight, the quartz fibre bundles are con-
nected to the respective spectrograph-detector unit in the DOAS container instrument.
This procedure implies a lot of handling, thus exposing the quartz fibre bundles to
a higher risk of breaking. However, until their renewal in January 2008 the bundles
proved to be sufficiently robust: Merely two (one out of four individual fibres in two
bundles) were broken during almost three years of flight time with a total of 30 install —
uninstall cycles. It is fair to assume that the new cables will last for years.

3.2 Data analysis and detection limit

The WinDOAS software (Fayt and van Roozendael, 2001) was used for the DOAS data
analysis. It performs a non-linear least squares fit by simultaneously adjusting the rele-
vant atmospheric absorbers in the respective wavelength range to the measured spec-
tra. To account for broad band effects largely caused by Rayleigh- and Mie scattering
a polynomial of degree 2-5 is included. The fitting procedure was performed in optical
density space by taking the logarithm of the spectra. Before the logarithm is taken a
linear intensity offset was included in each fitting process to account for instrumental
stray light. The absorption cross section references used for data analysis are listed
in Table 1. Each flight was evaluated with a Fraunhofer reference spectrum consisting
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of 10 or 15 co-added spectra from the same flight to account for Fraunhofer absorp-
tion lines. Therefore measured slant column densities are differential Slant Column
Densities (dSCDs). To account for the “filling in” of Fraunhofer lines due to rotational
Raman scattering (“Ring effect”, Grainger and Ring 1962), a Ring reference spectrum
was calculated from the respective Fraunhofer reference with the DOASIS software
(Kraus, 2006). The analysis settings for each trace gas are summarised in Table 2.
References in parentheses indicate that the particular trace gas reference was only
fitted where applicable, e.g. during ascent and descent.

For the current instrumental setup, a realistic detection limit is estimated by twice
the statistical error resulting from the fitting procedure (standard deviation o of the
optical density of the fit residual) (Stutz and Platt, 1996). This detection limit is valid
for mostly unstructured residuals. Sensitivity studies have shown that some residuals
contain systematic structures. However, for stable instrument conditions, high light
intensities and a reference spectrum close in time to the analysed spectrum (<30 min),
the fit residuals were mostly unstructured. In this case o was found to be 5 x10™* for
a time resolution of 30 s and 0=3.2x10~* for a time resolution of 7.5 min (15 co-added
spectra). Resulting detection limits are given in Table 2 expressed as dSCDy;,,;; for all
trace gases. These limits appear to be realistic, since the scatter of the dSCD data is
of the same order of magnitude. Shorter detector exposure times lead to higher photon
noise, therefore, a 30 s integration time (and thus time resolution) can be regarded as
rather good for scattered-light DOAS measurements, particularly when using a small
Ocean Optics USB2000 spectrometer. It is therefore quite a success that many trace
gases could be analysed above the detection limit even within the 30 s time resolution.

Examples for the spectral retrieval of NO,, HCHO and HONO are shown in Figs. 6
and 7. The analysis was performed using spectra with a 30 s time resolution taken from
the nadir viewing direction, which applies to all results thereafter, except where stated
otherwise. NO, and HCHO are measured during ascent in the polluted boundary layer
of Guangzhou, China, while HONO was detected for the first time inside a deep con-
vective cloud over central China (see Sect. 4). The evaluation of HONO was checked
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particularly careful in this case to make sure that the observed absorption structure is
real. (Observed deviations for different analysis settings were within 10%).

4 Exemplary results

The dSCD time series measured inside the aforementioned deep convective cloud on
1 August 2006 over central China (106.5° E, 27.1° N, flight altitude = 11.4 km) is shown
in Fig. 8. Shortly after 05:55 UTC a peak in all slant columns can be seen, except for
BrO. The red box indicates the time period of the aircraft flying inside the cloud. Video
recordings of the forward looking camera mounted in the pylon reveal that the aircraft
travelled completely inside a large cloud during this period. This is further confirmed by
coincident high in-situ total water values (A. Zahn, personal communication, CARIBIC
database). In this case the measured dSCDs are enhanced by multiple scattering
inside the cloud as suggested by the peak in O, column values.

The deep convective cloud is characterized by the presence of elevated levels of
HONO, NO, and HCHO. Simultaneously in-situ NO and NO, peak (H. Ziereis, per-
sonal communication, CARIBIC database) and O3 and CO mixing ratios drop sharply
(A. Zahn, F. Slemr, D. Scharffe, personal communication, CARIBIC database), indicat-
ing the presence of a distinct air mass that had not yet been mixed with ambient air.
Since inside the cloud in-situ O is lower and in-situ NO and NOy are higher, it is safe
to assume that the O5 dSCD peak is merely caused by multiple scattering, whereas
the HONO dSCD peak and possibly the HCHO peak are caused by an increased con-
centration.

Data of the World Wide Lightning Location Network (see http://webflash.ess.
washington.edu) shows lightning activity in this area for the same period of time. It
is thus likely that the observed HONO is formed in-situ by lightning induced OH and
NO, while elevated HCHO levels could be explained by either direct formation and/or
reaction of OH with methane or by the concomitant updraft of polluted air through deep
convection (e.g. Bhetanabhotla et al., 1985).
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Converting the HONO peak slant column density into a mixing ratio by means of ra-
diative transfer modelling yields about 70 ppt HONO. For that purpose, modelled cloud
properties were varied until measured and modelled O, SCDs agreed, in order to con-
strain the settings for the AMF calculations to convert the HONO SCD into a Vertical
Column Density (VCD). The VCD was then converted into a mixing ratio by assuming
a constant HONO mixing ratio within the cloud, therefore the given HONO mixing ratios
should indicate the average over the cloud volume. These observations will be further
discussed and published elsewhere.

Time series of the same trace gases during the traverse of a biomass burning
plume are presented in Fig. 9. These data were recorded during a return flight be-
tween Sao Paulo and Santiago de Chile on 5 October 2005. Biomass burning signa-
tures are marked with a red box. Enhanced slant columns of NO, and HCHO mea-
sured by DOAS coincide with high NO,, (H. Ziereis, personal communication, CARIBIC
database) and CO (F. Slemr, D. Scharffe, personal communication, CARIBIC database)
mixing ratios observed by in-situ instruments. Combining these findings with trajectory
studies, CO-Og correlations and aerosol measurement results can yield information
on origin and age of the air mass(es). Furthermore, the flight track crossed mas-
sive clouds (information taken from ECMWF data, see http://www.knmi.nl/samenw/
campaign_support/CARIBIC), coinciding with lightning activity (information taken from
NASA'’s lightning imaging sensor (LIS, see http:/thunder.msfc.nasa.gov) and a peak in
the HONO slant column density. This is perhaps a similar finding to that over China,
while the contribution of biomass burning NO, to the HONO formation is unclear.

Periods when the aircraft was flying in lower stratospheric air (in or just above the
tropopause) are indicated by green boxes in Fig. 9. Higher slant columns of NO, and
O5 were indeed measured, as both trace gases exhibit maxima in the stratosphere.
The “down welling” of the tropopause is caused by tropopause folding activity over the
Andes, which is a common phenomenon in this region.

A similar, but more pronounced event is shown in Fig. 10, were simultaneously en-
hanced BrO, NO, and Oj; levels could be measured over the Tibetan Plateau by the
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10° downward viewing direction on 1 August 2006 (red box). Because of the above
mentioned reduced light gain of this viewing angle, spectra were co-added to yield a
time resolution of 2min and 12/20 min respectively to achieve a better signal-to-noise
ratio. (O3 slant column densities are derived from the BrO analysis, as the spectra
quality did not permit an analysis at shorter wavelengths, where the O5 absorption is
stronger.) Since the nadir viewing direction shows no elevated values for the respec-
tive trace gases during the same period, and as both viewing directions are similarly
sensitive to the stratosphere, it can be safely assumed that the measured trace gases
are located beneath the aircraft in the troposphere where the 10° viewing direction ex-
hibits its highest sensitivity. The origin of this air mass is very likely stratospheric. In
Fig. 11 potential vorticity values for this flight over central Asia are plotted, indicating
the course of the tropopause in yellow to red shading. A blue box encloses regions with
elevated PV values in the troposphere (84.4°-105.2° E, 41.1°-29.5° N, flight altitude =
11.4 km), which are very probably remnants of a dissipated tropopause fold. Assuming
a cloud free atmosphere as judged from the camera data and O, measurements, and
averaging over 8 to 11 km altitude yields mixing ratios of about 6 ppt BrO, 0.5 ppb NO,
and 230 ppb Og for the slant column density maxima at 04:15 UTC. The NO, might be
biased by a tropospheric background. However, this might largely be excluded for BrO
since typical tropospheric mixing ratios are in the order of 0.6—3 ppt (e.g. Fitzenberger
et al., 2000; Hendrick et al., 2007; Theys et al., 2007). The observed mixing ratio of
6 ppt BrO and particularly the high ozone mixing ratio support the assumption that this
air mass originated in the stratosphere.

During ascent and descent of the aircraft, information on the local boundary layer is
gained. An example for a boundary layer profile retrieval of NO, during a descent in
Guangzhou, China on 1 August 2006 is given in Fig. 12.

The retrieval was performed using the well known optimal estimation method
(Rodgers, 2000), where a best estimate of the vertical profile is determined using
the measured SCDs, an a priori profile, and the Box-AMFs as weighting functions.
The inversion algorithm is implemented in McArtim (Deutschmann and Wagner, 2008;

279

AMTD
2, 265-301, 2009

AMAX-DOAS on
CARIBIC flights

B. Dix et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/265/2009/amtd-2-265-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/265/2009/amtd-2-265-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Wagner et al., 2007), the successor of Tracy Il (see above). This program was also
used for the respective AMF modelling. In order to derive suitable Box-AMFs, a cloud
free descent was chosen and the aerosol profile was constrained by modelling differ-
ent aerosol scenarios until measured and modelled O, values agreed (for retrieving
information of aerosol properties by O, measurements see e.g. Wagner et al., 2004;
Wittrock et al., 2004; Sinreich et al., 2005; Frief3 et al., 2006). SCDs from all viewing
directions serve as input, with nadir SCDs contributing with a 30 s time resolution (cor-
responding to a 100—200 m height resolution), and both up and down viewing directions
(£10°) with a 2 min time resolution (corresponding to a 400-800 m height resolution).

The height of the boundary layer is about 2km at 14:00 local time and it can be
assumed to be well mixed. The retrieved profile in Fig. 12 shows a distinct shape,
different from the a priori, and also exhibits smaller errors, which is an indication that
most of the profile information is taken from the measurements. Therefore, profile in-
version from CARIBIC DOAS measurements is a suitable concept. However, the facts
that the nadir data contains very little vertical information and that data of the slant
directions are of inferior quality limit the vertical resolution of the retrieved profile. Fur-
thermore, the total descent inside the boundary layer averages over a 50 km distance
to the airport. Retrieved concentrations are likely to be underestimated owing to hor-
izontal inhomogeneities. Future sensitivity studies could provide insight on the effect
of the spatial averaging of the approaching aircraft. The derived mixing ratio from this
retrieval calculates to 4.1 ppb+0.9 ppb NO, for 0—1 km altitude.

5 Conclusions and outlook

The CARIBIC DOAS instrument performed reliably during 30 flight operations. Three
years of continuous exposure of the telescope block inside the pylon to the almost
daily harsh conditions of pressure changes, temperature variations, and changes from
extreme tropical humidity to dry stratospheric air have been an ultimate test for the
system: The connections between the quartz fibre bundles and the telescope block
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have shown to be critical and the spectral filters are fragile. On the other hand, the
quartz fibre bundles appear to be rather robust, even though they remain a critical part
in this system. With respect to the overall flight performance, the following conclusions
can be drawn:

— DOAS spectra could be recorded on each daytime flight.

— After software improvements, the DOAS instrument provides reliable and fully
automated measurements of scattered light spectra during day and background
spectra during night.

— The 30s time resolution is suitable for the analysis of most trace gases. It allows
the resolution of unique events as shown by the detection of HONO in a deep
convective cloud.

— With all three viewing directions operational — since February 2008, the CARIBIC
DOAS has gained back its full spatial resolution, which will make measurements
much more sensitive to trace gases in the free troposphere. On average the
spatial resolution is 7-8 km along flight track (determined by aircraft velocity), with
the highest sensitivities directly above and below the aircraft.

This novel instrumentation provides a multitude of interesting observations and can
contribute to different scientific topics:

— CARIBIC DOAS measurements are well suited for tropospheric plume studies.
Especially with the up and down viewing directions working again, the sensitivity
to the troposphere and UTLS region is increased, and separation of stratospheric
and tropospheric columns can be performed more precisely, which yields an im-
proved quantification of tropospheric absorbers.

— CARIBIC DOAS measurements contain information on stratospheric trace gases
and can possibly add insight to the question on the contribution of tropopause
folds to troposphere-stratosphere exchange.
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— Upon ascent and descent of the aircraft, vertical information on the boundary
layer is gained, yielding information on local pollution and with the potential for
boundary layer profile retrievals.

A great potential of these measurements is that any single flight offers the possibility of
unexpected findings. Continued work with the CARIBIC DOAS system will be based
on making use of the newly gained spatial information and sensitivity by all viewing
directions. Further studies will include a complete use of all current CARIBIC data,
which can yield information on origin, age, and chemistry of different air masses, on
sources and sinks of trace gases as well as on aerosol (optical) properties. A change
of the spectrograph-detector unit would improve the overall sensitivity of the CARIBIC
DOAS instrument and could enable the detection of IO, glyoxal and water vapour. Since
the total CARIBIC project time is at least 10 years, statistical analysis of the dataset
can provide valuable information on trends and anomalies in trace gas distributions.
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Table 1. Trace gas references.
No. Molecule Reference 1M e ‘
1 NO, (220K) Vandaele et al., 1997
2 NO, (294 K) Vandaele et al., 1997 )
3 0, (298K) Hermans, 2002" - -
5 HCHO (298 K) Meller and Moortgat, 2000
6 HONO (294K) Stutz et al., 2000
7 0,(223K)  Bogumil etal., 2003 e e
8 05 (243K) Bogumil et al., 2003 g g
! Hermans, C., personal communication, http:/www.aeronomie.be/spectrolab/02.htm, 2002
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Table 2. Analysis settings and detection limits.
Title Page ‘
trace gas wavelength fitted absorber polynomial detection limit  detection limit

range order dSCD (30s) dSCD (7.5min)

lec/cm? lec/cm?®
[nm] [mo ec/cm ] [mo ec/cm ]
NO, 354-380 1,(2),3,7,8 3 6.5x10'° 4.2x10'"® —————
0, 350-356  1,(2),3,7,8 2 2.5x10% 1.6x10%

BrO 345-360 1,3,4,7,8 2 1.3x10" 8.0x10"
HCHO 328-359  1,(2),3,4,5,(6),7,8 4 1.8x10'® 1.2x10'® g g

HONO 337-375  1,(2),3,4,5,6,7,8 4 2.5%x10" 1.6x10'
O, 329.5-343 1,378 2 2.5x10'® 1.6x10"® g g
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Fig. 1. Observation geometry of the CARIBIC DOAS measurement. Sunlight enters the at-
mosphere with the solar zenith angle ©. In a single scattering approximation, the measured
photons are scattered once into one of the three detector viewing directions (nadir, a;=98°; 10°
down, a,=10°; 10° up, a@,=-10°), defined by the respective elevation angle a.
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forward cargo door 2.40m container

camera

trace gas
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/
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aerosol _—"
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Fig. 2. Left panel: Sketch of the CARIBIC system, showing the position of the inlet system and
the instrument container. ICB denotes “Inlet Connector Bracket”, CCB stands for “Container
Connector Bracket”. ICB represents the airtight connection between the inlet sampling tubes
and the connecting tubes inside the airplane, while the CCB houses all the necessary fittings
for the connection to the container instruments. Adopted from Brenninkmeijer et al. (2007).
Right panel: The pylon of the inlet system.
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Fig. 3. Box-AirMassFactors (Box-AMFs) for the CARIBIC DOAS viewing geometries (nadir, 10°
down, 10° up), calculated for a typical cruising height of 10 km and Solar Zenith Angle (SZA)
and at a wavelength of 355 nm, which is suitable for most trace gases observed during the
experiments. Printer-friendly Version
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Fig. 4. Left panel: Sketch of the telescope block. The viewing directions (nadir, 10° down, 10°
up) are indicated by red lines, dashed lines indicate horizontal and vertical directions, respec-
tively. Note that the “nadir” telescope actually looks 8° to the right (as seen looking in flight
direction) caused by a slightly tilted mounting of the inlet. Total length of the telescope block is
120mm. Right panel: The telescope block in the inlet during assembly. The Ultra Torr Adapters
for the connection of the quartz fibre bundles (here shown plugged) as well as the red cables
of the heating pads are visible.

293

AMTD
2, 265-301, 2009

AMAX-DOAS on
CARIBIC flights

B. Dix et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/265/2009/amtd-2-265-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/265/2009/amtd-2-265-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
2, 265-301, 2009

Back Close

AMAX-DOAS on
© Ethernet
Ethernet sz CARIBIC flights
o1 RS232
B. Dix et al.
28V DC EMV De/oC sy pc ¢
Filter Converter ompuer spectrograph box
24V I use
DC | Bus
[ Title Page
1 I
F Hop Abstract Introduction
an - -
T | .
I ! ——————f{ _ Pellier cooler ] Conclusions References
: N 00l
| I Spectrograph Tables Figures
—\ | : { Peltier cooler | I ==
| |_ 00l Fibre bundles
| — = — Spectrograph to Telescope
Temperature Linear Amplifier i -
Controller | " { Peltier_cooler |
|
ool
n

Full Screen / Esc

Fig. 5. Block diagram of the electrical connections within the DOAS container instrument. , _ ,
Printer-friendly Version

Interactive Discussion

©)
do

294


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/265/2009/amtd-2-265-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/265/2009/amtd-2-265-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

HCHO dSCD =9.05 * 10"

NO, dSCD = 1.74 * 10" | |
100 4 07
50 ] 5 -5 residual, RMS = 2.03 * 10

ST T T T 1 L

_15;MW/\AN\W/\
20 R

ing

5 7 T T T T T v T

-5 residual, RMS = 1.95 * 10°
5T T T v T T T T

optical density [x 107
8
1

optical density [x 107]
o s d
M 3

- Riny
1 T T T T T v 9 1047 T T T T T
5 5 O,
04 ] A
5 o, 04 T
10977 T T T T 4T T T T T 1 —T —
0O, 1
5 20 _.J\_/\/\,\/\/'\/—’—/\/\/\’\/\/\
0 LILJ 10] NO,
T T T T T T T T T T T ' T r T T T ' T 7
355 360 365 370 375 380 330 335 340 345 350 355
A [nm] X [nm]

Fig. 6. Example for the spectral retrieval of NO, (left panel) and HCHO (right panel) (both nadir).
The black lines represent the fit results for the different trace gas cross sections; the orange
lines show the residual structure added to the retrieved absorption structure. The analysis is
performed on spectra recorded within the boundary layer upon landing in Guangzhou, China
on 1 August 2006. The spectrum for the NO, analysis is recorded at an altitude of 1.3 km with
a SZA of 34°, that for HCHO at 1.7 km and SZA = 33.8° respectively. The reference spectrum
is taken from the same flight at an altitude of 11.4 km with a SZA of 17.6°.
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Fig. 7. Example of a spectral retrieval of HONO (nadir). The black lines represent the fit results
for the different trace gas cross sections; the orange lines show the residual structure added to
the retrieved absorption structure The analysis is performed on a spectrum recorded inside a
deep convective cloud on 1 August 2006 over central China (106.5° E, 27.1° N) at an altitude of
11.4 km with a SZA of 15.6°. The reference spectrum is taken from the same flight and altitude
with a SZA of 17.6° (see also Fig. 8). 006
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UTC (1 August 2006)
Fig. 8. DOAS results of measurements inside a deep convective cloud over central China on __ Printerfriendly Version |
1 August 2006 (106.5° E, 27.1° N) at an altitude of 11.4 km with a SZA of 15.6°. The reference
spectrum is taken from the same flight and altitude with a SZA of 17.6°. The time period of
cloud interception is indicated by a red box. Inside the cloud, all trace gases show enhanced
slant columns, except BrO.
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Fig. 9. DOAS results for a return flight from Sao Paulo to Santiago de Chile (left) and back
(right). Biomass burning signatures are marked with a red box, while flying in stratospheric air
is indicated by green boxes. The reference spectrum is recorded at 12:33 UTC.
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Fig. 10. BrO, NO, and O, dSCDs of the 10° down viewing direction for flight LH158 on 1 August

UTC (1 August 2006)
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2006. The FRS is recorded at 04:48 UTC with a SZA of 15.8°. Higher slant columns between
01:00 and 03:00 UTC are caused by a rising sun and corresponding light path enhancements
in the stratosphere. The red boxes mark episodes of elevated tropospheric BrO, NO,, and Oj.
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Fig. 11. PV values derived from ECMWF data for flight LH158 (provided by P. van Velthoven,
KNMI, see http://www.knmi.nl/samenw/campaign_support/CARIBIC, last access: 2 February
2009). The PV plot shows the flight track over the Tibetan Plateau and potential vorticity (red
contours) with values between 1 and 5 PVU shaded from yellow to red. The blue box indicates
elevated PV values in the troposphere, probably caused by a dissolved tropopause fold.
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Fig. 12. NO, profile retrieved by optimal estimation method with a height resolution of 500 m.
Data is taken from a descent in Guangzhou, China on 1 August 2006. The dashed line indicates Printer-friendly Version
the height of the aerosol box profile used in the retrieval.
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