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Abstract. A DOAS (Differential Optical Absorption Spec- 1 Introduction
troscopy instrument was implemented and operated onboard

a long-distance passenger aircraft within the framework ofg4rth's atmosphere is a complex and variable system that
the CARIBIC project Civil Aircraft for the Regular Investi- ¢4 for short-and long-term observations with sufficient
gation of the atmosphere Based on an Instrument Containenspatial and temporal resolution. The CARIBIC aircraft
The instrument was designed to keep weight, size and powegroject Civil Aircraft for the Regular Investigation of the
consumption low and to comply with civil aviation regula- atmosphere Based on an Instrument Contairier com-
tions. It records spectra of scattered light from three VieW'prehensive approach to obtain detailed long-term observa-
ing directions (nadir, 10above and below horizon) using & tions over large sections of the globe. It represents a suc-
miniaturized telescope system. The telescopes are integratqgssfy| European enterprise to operate an automated in-
in the main pylon of the inlet system which is mounted at the stryment container on board a long-distance passenger air-
belly of the aircraft. Fibre bundles transmit light from the aft. Presently an Airbus (A340-600) of the German air-
telescopes to spectrograph-detector units inside the DOA$ine peutsche Lufthansi being used. The instrument con-
container instrument. The latter is part of the removableiainer accommodates 20 in-situ instruments to measure at-
CARIBIC instrument container, which is installed monthly mogspheric constituents like CO,30H,0, NO, NG, Hg
on the aircraft for a series of measurement flights. as well as aerosol number density (Brenninkmeijer et al.,
During 30 flight operations within three years, measure-2007). A novel feature of this project (CARIBIC Phase 2)
ments of HCHO, HONO, N@ BrO, Gz and the oxygen s a DOAS pifferential Optical Absorption Spectroscopy
dimer Q; were conducted. All of these trace gases exceptnstrument to measure formaldehyde (HCHO), nitrous acid
BrO could be analysed with a 30 s time resolution. HONO (HONO), nitrogen dioxide (N@), bromine oxide (BrO)
was detected for the first time in a deep convective cloud ovegnd ozone (®, thus adding a remote sensing capability to
central Asia, while BrO, N@and G could be observed in  caRIBIC. Being a small and light system with very low
tropopause fold regions. Biomass burning signatures OVehower consumption, this DOAS setup is particularly well

South America could be seen and measurements during agyjited for such a project. Measurement flights started in 2005
cent and descent provided information on boundary layerang will continue until at least 2014.

trace gas profiles (e.g. N®r HCHO). Unlike previous airborne DOAS measurements (e.g. Wah-

ner 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

Correspondence tdB. Dix ground- and space-based observations: While in-situ mea-
BY (barbara.dix@colorado.edu) surements and sampling provides detailed information on the
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l Fig. 2. Left panel: Sketch of the CARIBIC system, showing the po-
m“j\ | sition of the inlet system and the instrument container. ICB denotes
_j “Inlet Connector Bracket”, CCB stands for “Container Connector
as scatter L . .
T Bracket”. ICB represents the airtight connection between the inlet
tropospheric trace sampling tubes and the connecting tubes inside the airplane, while
gas layer with c(z) the CCB houses all the necessary fittings for the connection to the
boundary layer container instruments. Adopted from Brenninkmeijer et al., 2007.
Right panel: The pylon of the inlet system.

Fig. 1. Observation geometry of the CARIBIC DOAS measure-
ment. Sunlight enters the atmosphere with the solar zenith @&ngle
In a single scattering approximation, the measured photons are scat-

tered once into one of the three detector viewing directions defined_. h hni -
by the respective elevation angie(10° up, «1=1C°; 10° down, First, the MAX-DOAS technique is introduced and a de-

ap=—10°; and “nadir”,a3=—98°; since the pylon is mounted at an tailed description of the instrumental setup is given. The sec-

angle of 8 from the vertical, the “nadir” viewing telescope looks 8 an partis Qedicated to flight performance and data analysis,
from the true nadir direction, but is referred to as nadir direction). While the third part presents selected results.

In this study the technical realization and flight perfor-
ance of the CARIBIC DOAS instrument are presented.

upper troposphere and lower stratosphere (UTLS), the mai2  Instrumental setup
focus of the CARIBIC DOAS instrument is trace gas mea-
surements in the free troposphere. The specific Multi-Axis2.1 Overview
DOAS viewing geometry shown in Fig. 1 attains a higher
sensitivity towards the free troposphere than most satelThe CARIBIC system consists of an instrumented container,
lite geometries, whereas ground-based instruments are typwhich is deployed monthly in the forward cargo compart-
ically most sensitive to the planetary boundary layer. Evenment, and an inlet (see Fig. 2, left panel), permanently
though the CARIBIC measurements are confined to the giveimounted on the aircraft fuselage to provide air for the in-
flight tracks, spatial and temporal resolution are high. Thestruments in the container. For the DOAS measurements, a
CARIBIC DOAS measurements are in particular motivated telescope system is integrated in the main pylon of the in-
by the interest to study the global tropospheric distribution oflet system (see Fig. 2, right panel). The light is transmitted
trace gases such as BrO (particularly in the mid-latitudes andiia quartz fibre bundles to three spectrograph-detector units
tropics) or HONO, since many open questions remain regardef identical design inside the DOAS container instrument,
ing the global sources, abundance and sinks of these speci@gere spectra of UV-visible scattered sun light are recorded.
(e.g. Lammel and Cape, 1996; Kleffmann et al., 1998; vonWhen the container is absent, the fibre bundles are stored in
Glasow et al., 2004; Acker et al., 2006; Saiz-Lopez et al.,the aircraft at theContainer Connector BrackdCCB, see
2006; Simpson et al., 2007; Volkamer et al., 2007). In ad-Fig. 2, left panel), and the DOAS windows in the pylon are
dition to measurements at flight altitude, observations dursealed.
ing ascent and descent of the aircraft provide information The well established DOAS method (Platt and Perner,
on trace gas concentration profiles in the planetary boundarg980; Platt, 1994; Platt and Stutz, 2008) is used to identify
layer. trace gases by means of their individual differential (i.e. nar-
After nearly three years of regular measurement flightsrow band) absorption structures. With this method BrO,
(with a total of 30 flight operations where DOAS data were NO,, HONO, HCHO, Q and the oxygen dimer Dwere
collected), a broad spectrum of different findings underlinesmeasured during CARIBIC flights. Spectra are recorded be-
the significance of the DOAS measurements. For exampletween 320 and 460 nm with a 30 s time resolution from three
HONO has been detected in deep convective clouds for thelifferent viewing directions, namely tGabove and below
first time, and on some flights BrO, NGand G could be  horizon and nadir (see Fig. 1). By applying different tele-
observed in tropopause fold regions, indicating tropospherescope elevation angles (see Fig. 1), the measurements be-
stratosphere exchange. come sensitive to different atmospheric layers, which is the
essence of the Multi-AXis- (MAX-) DOAS approach. Since
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Fig. 3. Box-AirMassFactor¢Box-AMFs) for the CARIBIC DOAS

viewing geometries (nadir, 2@lown, 10 up), calculated atawave- Fig. 4. Left panel: Sketch of the telescope block. The viewing di-

length of 355 nm for a typical cruising height aBdlar Zenith An-  rections (nadir, 19down, 10 up) are indicated by red lines, dashed

gle (SZA), which are suitable for most trace gases observed durindines indicate horizontal and vertical directions, respectively. Note

the experiments. that the “nadir” telescope actually look$ & 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

i - . . panel: The telescope block in the inlet during assembly. The Ultra
MAX-DOAS utilises scattered sun light as a light source, Torr Adapters for the connection of the quartz fibre bundles (here

there is no well defined Singl? light path (although in mqny shown plugged) as well as the red cables of the heating pads are
cases the general dependencies of MAX-DOAS observationg;gjp|e.

can be well described by a single scattering approximation,

see Fig. 1). Therefore the result of the DOAS analysis is

a Slant Column DensitySCD), which is the weighted aver- ing power. It houses three temperature stabilized custom
age over the integrated concentrations along all possible lighinade spectrograph-detector units based on Ocean Optics
paths (e.g. Solomon et al., 1987; Perliski and Solomon, 1993ysB2000 miniature spectrometers, power supplied via USB
Marquard et al., 2000). by an embedded PC (see Sect. 2.4 below).

The sensitivity of this type of viewing geometry can be  Apart from restricted weight and power consumption, all
expressed byBox-AirMassFactorqBox-AMFs), as shown components must be able to sustain vibrations and the inlet
in Fig. 3. These Box-AMFs are calculated with Tracy Il system needs to endure daily strong temperature differences
(Deutschmann and Wagner, 2006; Wagner et al., 2007), aver years. Moreover, using a passenger aircraft for regular
backward Monte Carlo radiative transfer model. They quan-measurements requires that all instrumentation needs to be
tify the contribution of a thin layer of trace gas to the SCD built in compliance with civil aviation regulations, which in
and thus the DOAS signal. Box-AMFs are calculated for asummary leads to the following requirements: (1) All instru-
typical cruising altitude an®olar Zenith Angl§SZA) ata  ments need to pass an electromagnetic compatibility test. (2)
wavelength of 355 nm, which is representative for most traceMeasurements must be fully automated and controlled by a
gases observed during the experiments. Each Box-AMF demaster computer. (3) All parts permanently installed in the
notes how sensitive the measurements are towards changesafcraft should be maintenance free.
the vertical trace gas column within a given box, i.e. an atmo-
spheric layer of height. It is apparent that the slant viewing 2.2  The telescope system in the pylon
directions yield the highest sensitivities to atmospheric layers
directly above and below the aircraft. The nadir direction ex- As stated above, the te]escope system consists of three minia-
hibits overall smaller Box-AMFs, yet it provides the highest tyrized telescope units, mounted in a ¥ZMx15mm alu-
sensitivity towards layers near the surface. minium block (Fig. 4). Each telescope unit serves as en-

Overall, the CARIBIC DOAS instrument is designed to trance optics for its respective viewing direction. The pylon
keep weight and power consumption low. The equipmentis mounted at the lower side of the aircraft body at an an-
is reduced to essential parts and miniaturized where posgle of & to the right (looking in flight direction) from the
sible. The telescope system could be realized by threevertical. Therefore the “nadir” viewing telescope looks 8
miniaturized telescope units, housed in a small aluminiumfrom the true nadir direction, but is referred to as nadir direc-
block (see Fig. 4). The DOAS container instrument fits tion. Each telescope unit consists of a quartz lens, one or two
in one of five 19” racks of the CARIBIC instrument con- quartz prisms and a filter (Schott UG5). The filter reduces
tainer, weighs 16kg and needs 75W at maximum cool-the intensity of radiation with wavelengths above 400 nm
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to reduce stray light in the desired wavelength range (320-tubing that was held by a bulk union (Swagelok) mounted
400 nm). Incoming light is reflected by 90using prisms in the so called “pressure box”, i.e. the pressure seal feed-
(5x5mm), and then focused on the entrance of quartz fibrehrough inside the aircraftrflet Connector BracketCB, see
bundles by lensesfE15 mm). The units are air tight to pre- Fig. 2, left panel). The quartz fibre bundles run underneath
vent condensation of water vapour on optical componentsthe cargo compartment floor panels from the ICB to the CCB.
During measurement flights, the telescope block is heated’he CCB is a 30 cm square, 15cm deep trough in the floor,
(15W, unregulated) to avoid freezing of water on the outsidecontaining all inlet tubing. The fibre bundles are stored in
surface of the entrance optics (prisms). The field of view ofa drum inside the CCB and are carefully uncoiled and con-
each telescope is T.gfull angle). For a typical flight alti-  nected to the DOAS instrument upon installing the container
tude of 10 km, an aircraft velocity of 900 km/h, and a time in the aircraft. Straps support the fibre bundles from the CCB
resolution of 30 s, the ground pixel covered by the nadir fieldto the instrument 1.20 m above the CCB.
of view is 0.33 km (cross track) by 7.8 km (along track).

The quartz fibre bundles are connected to the telescoped.4 The DOAS container instrument
by 1/16” Swagelok Ultra Torr adapters. These are air tight
and the nuts are secured with an adhesive that endures lardg@gure 5 provides a block diagram of the container compo-
temperature variations. The sealing o-ring of each adaptepent of the DOAS instrument. Apart from the spectrograph-
was replaced by a silicone ring compatible with tempera-detector units, cooling and computer, the instrument consists
tures down to—60°C. Before each measurement flight the Of the following components: an RS232 — Ethernet converter
telescope entrance prisms are inspected and cleaned if net® establish communication to the master computer in the
essary. After the flight the telescope entrance holes are cowcontainer, an EMC-filter and a DC/DC converter (VICOR).
ered with metal tape to keep out dirt. Otherwise the telescopd he instrument housing (ratiopac PRO) is designed to reduce

system is maintenance free. electromagnetic interference. This setup proved to be suffi-
cient to pass the necessary electro-magnetic radiation test.
2.3 The quartz fibre bundles The “heart” of the container instrument is three Ocean Op-

tics USB2000 spectrograph-detector unitsX80x 35 mm),

The telescopes are connected to the spectrometers by threme for each viewing direction. The spectrograptit#=4)
5m long quartz fibre bundles, each consisting of 4 individ- is a crossed Czerny-Turner type, which reduces the required
ual quartz fibres with a diameter of 24@n and a numerical optical bench size. The spectrometers use plane diffrac-
aperture of 0.22 (/2). At the telescope end, the four fibres tion gratings (Ocean Optics grating #7, 2400 gr/mm, holo-
are arranged in a rectangular geometry to fit the area illumigraphic). The detector itself consists of a linear CCD ar-
nated by the quartz lens. At the spectrometer end (exit) theay with 2048 pixels (SONY ILX511) and the whole system
fibre bundles are arranged in a column, in order to optimizeprovides a spectral resolution of 0.7 nm (FWHM). The three
the illumination of the 5um wide and 100@.m high spec-  spectrometers are mounted in a separate air tight box to pre-
trometer entrance slit. A quartz fibre bundle has a greater tolvent condensation of water vapour and to increase tempera-
erance to bending, compared to a single, thicker fibre, whichture stability, since changes in the optical adjustment affect
was necessary as the integration of the fibre bundles in théhe spectral retrieval. Accordingly, the connections of the
inlet system required a bending radius of as low as 60 mmgquartz fibre bundles to the spectrograph-detector units need
Also, fibre bundles are known for largely reducing the polar- to be airtight. For this purpose 1/4” cylindrical stainless steel
ization sensitivity of grating spectrometers (Stutz and Platt,end pieces were glued to each quartz fibre bundle. The cylin-
1997). drical end pieces are the counterpart of 1/4” Swagelok Ultra

Figure 4 (right panel) shows a photograph of the DOAS Torr Adapters. In order to ensure the correct optical align-
telescope block, taken during the assembly of the inlet sysment of the quartz fibre bundle exit and the entrance slit of
tem. The whole procedure of installing the inlet system with the spectrographs, the fibre bundle end pieces and the Ul-
the DOAS block was a rather complex procedure. The enira Torr adapters are equipped with spanner flats, allowing
tire inlet system had been fully pre-assembled prior to air-only a connection in the correct position. The temperature
craft mounting. Since the instrument connectors of the threecontrol unit uses a PT100 sensor for measuring the optical
quartz fibre bundles were too bulky to fit through the inlet bench temperature, an electronic temperature controller, and
system, the respective telescope ends were fed from the aithree Peltier elements inside the spectrograph box for cool-
craft above through the inlet via a metal tube upon aircraft in-ing. The temperature was usually set to ¥@8compromis-
stallation. This tube served as a guide during the installationjng between reducing the dark current and occasional high
and prevents damage to the fibre bundles in use. After thismbient temperatures (exceeding %@}
the optical connection with the Ultra Torr adaptors was made, The spectrograph-detector units are conveniently con-
and the inlet system was slowly raised until contact with thenected and supplied with power via USB ports of the mea-
fuselage. Finally the three fibre bundles were sealed with avisurement computer (36116 mm, PC/104, 200 MHz proces-
ation type potting mix inside al/2 inch piece of stainless steekor type Geode GX1, 10 W). An active USB hub is employed
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Fig. 5. Block diagram of the electrical connections within the DOAS container instrument.

to provide the necessary number of USB connections. Atime, depending on the season, was spent during daytime on
1 GB flash memory card serves as hard drive and is used fathese routes in 2005-2007. Since all respective flight legs
data storage. The measurement program is based on Wirsver oceans and in the tropics took place at night time, DOAS
dows 2000. The remaining data storage space on the mentata was collected over continents in mid-latitudes and the
ory card corresponds to about 45 h of measurements. A setubtropics.
of monthly measurement flights (e.g. return flight to Santiago  The deployed DOAS hardware proved to be suitable and
de Chile via &0 Paulo, Brazil) provides typically about 30 h reliable on these flights. However, during the course of mea-
of data, using a 30 s exposure time per spectrum. To attaigurement flights in 2005, the 1@p and 10 down viewing
a better signal-to-noise ratio, 5, 10 or 15 consecutive specdirections exhibited very low light intensities compared to
tra were co-added after flight, resulting in time resolutions ofthe results of the very first measurement flight. This issue
150, 300, or 450 seconds, corresponding to 39 km to 117 knyill be addressed separately in Sect. 3.1. The measurement
of spatial resolution (along track). software was updated several times to attain a higher stabil-
The measurement software controls the fully automatedty and to include automated background measurements and
measurements and starts once power is provided. It records watchdog program. Occasionally, temperature instabilities
scattered light spectra during daytime and background speaaused by strong changes in the ambient (container) temper-
tra during night. It also establishes communication with theature, in particular during landing and take-offs, led to shifts
Master PC as required. Thereby, e.g. the PC time is synchroin the wavelength calibration of the spectrometer. However,
nized. Since the DOAS instrument needs only little power, itthis could mostly be corrected during the data analysis pro-
is allowed to measure during ascent and descent, while largeredure. The overall flight performance proved regular DOAS
power consumers in the container need to be switched off dueneasurements on long-distance flights to be very well feasi-
to safety requirements. ble.

3.1 Performance of the DOAS telescopes and fibre
3 Flight performance and data analysis bundles

A total of 30 monthly flight operations from Frankfurt/Main During 2005 the light sensitivity of the 20up and 10
were performed with the CARIBIC MAX-DOAS system up down viewing telescopes decreased and continued to be very
to February 2008. Flight destinations were South Americalow, sometimes even zero, so that unfortunately until Febru-
(Santiago de Chile via& Paulo, Brazil) and South-East ary 2008 data was mainly available from the nadir viewing
Asia (Manila via Guangzhou, China). Also destinations in direction only. Since tests showed that the container instru-
the US and India were visited. Some 40-60% of the flightment could be excluded as an error source, the problem could
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process to account for instrumental stray light. The absorp-
tion cross section references used for data analysis are listed
in Table 1. Each flight was evaluated with a Fraunhofer refer-

Table 1. Trace gas references.

No. Molecule Reference ence spectrum consisting of 10 or 15 co-added spectra from

1 NO; (220K) Vandaele et al., 1997 the same flight to account for Fraunhofer absorption lines.

2 NGO, (294K)  Vandaele etal., 1997 Therefore measured slant column densities differential

3 04(298K) Hermans, 2002 Slant Column DensitieglSCDs). To account for the “filling

g ﬁ;:OH(CZ)Z(ggg < mweor”;zﬁvla;g égg? 2000 in” of Fraunhofer lines due to rotational Raman scattering
' (“Ring effect”, Grainger and Ring 1962), a Ring reference

6 HONO (294K)  Stutz et al., 2000 .

7 03 (223K) Bogumil et al., 2003 spectrum was calculated from the respective Fraunhofer ref-

8 05 (243K) Bogumil et al., 2003 erence with the DOASIS software (Kraus, 2006). The anal-

ysis 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

only be addressed upon detachment of the inlet system. I@Scent and descent. o _
January 2008, the inlet system had to be taken off as part of For the current instrumental setup, a realistic detection
a major routine aircraft check. On this occasion the quartz filimit is estimated by twice the statistical error resulting from

bre bundles and the telescope system were replaced. It turndf€ fitting procedure (standard deviatiorof the optical den-

out that the connection of the quartz fibre bundles to the teleSity of the fitresidual) (Stutz and Platt, 1996). This detection

scope had become loose for the 1 viewing direction and limit is valid for mostly unstructured residuals. Sensitivity
that the UGS filter in the 10down viewing telescope unit studies have shown that some residuals contain systematic
had been broken to pieces, either due to temperature streSfructures. However, for stable instrument conditions, high
or vibrations or both. After the replacement the light inten- light intensities and a reference spectrum close in time to the
sity of all three viewing directions is satisfying. The tele- @nalysed spectrum<80 min), the fit residuals were mostly

. 4
scope system was replaced without modifications, whereadnstructured. In this case was fou4nd to be 807 for a

the quartz fibre bundles were replaced by new ones: TheyiMe resolution of 30s ana=3.210"" for a time resolution

now consist of 6 individual quartz fibres of 156 each and ~ ©f 7-5 min (15 co-added spectra). The observed reduction is
with a numerical aperture of 0.1¥4) to better adjust to the N0t @ much as expected for purely statistical errors, indicat-
specifications of the spectrograph-detector units. To prevenf?d that some systematic deviations in the residuals remain.
any quartz fibre bundles from becoming loose again, the yjResulting detection limits are given in Table 2 expressed as
tra Torr Adapters are now additionally secured with a siliconedSCDimit for all trace gases. These limits appear to be real-

sealant applied to the outside of the connector. istic, since the scatter of the dSCD data is of the same order

As noted above, upon each measurement flight, the quart?f magnitgde. Shorter detector.exposu.re times lead to higher
fibre bundles are connected to the respective spectrograpfoton noise, therefore, a 30 s integration time (and thus time
detector unit in the DOAS container instrument. This proce-reSOIUt'on) can be regardeq as rather good'for scattered-light
dure implies a lot of handling, thus exposing the quartz fibreDo',A‘S measurements, partlcularly when using a§mall Ocean
bundles to a higher risk of breaking. However, until their re- OPtics USB2000 spectrometer. Itis therefore quite a success
newal in January 2008 the bundles proved to be sufficientlyiat many trace gases could be analysed above the detection
robust: Merely two (one out of four individual fibres in two IMit éven within the 30 s time resolution.

bundles) were broken during almost three years of flight time  Ex@mples for the spectral retrieval of NOHCHO and
with a total of 30 install — uninstall cycles. It is fair to assume HONO are shown in Figs. 6 and 7. Reference spectra were

that the new cables will last for years. always taken from clean regions, which were determined by
choosing periods of minima in DOAS NGnd HCHO data
3.2 Data analysis and detection limit and in in-situ measured NO/NGnd CO. The analysis was

performed using spectra with a 30 s time resolution taken
The WinDOAS software (Fayt and van Roozendael, 2001)from the nadir viewing direction, which applies to all results
was used for the DOAS data analysis. It performs a non-thereafter, except where stated otherwise.,N@d HCHO
linear least squares fit by simultaneously adjusting the rel-are measured during ascent in the polluted boundary layer of
evant atmospheric absorbers in the respective wavelengtBuangzhou, China, while HONO was detected for the first
range to the measured spectra. To account for broad band etime inside a deep convective cloud over central China (see
fects (in particular caused by Rayleigh- and Mie-scattering) aSect. 4). The evaluation of HONO was checked particularly
polynomial of degree 2-5 is included. The fitting procedure careful in this case to make sure that the observed absorption
is performed with the logarithm of the spectra (i.e. in opti- structure is real. (Observed deviations for different analysis
cal density rather than intensity space). Before the logarithrmsettings were within 10%).
is taken a linear intensity offset was included in each fitting
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Table 2. Analysis settings and detection limits

trace gas wavelength fitted absorber polynomial  detection limit  detection limit
range [nm] order dSCD (30 s) dSCD (7.5 min)
[molec/cn?]  [molec/cn?]
NO, 354-380 1,(2),3,7,8 3 6:5101° 4.2x101
Os 350-356 1,(2),3,7,8 2 2:510%2 1.6x10%2
BrO 345-360 1,3,4,7, 2 131014 8.0x 1013
HCHO  328-359 1,(2),3,4,5,(6),7,8 4 k806 1.2x10'6
HONO  337-375 1,(2),3,4,56,7,8 4 x50 1.6x 101
O3 329.5-343 1,3,7, 2 2:51018 1.6x1018

HCHO dSCD = 9.05 * 10" molec/cm?

120 NG, dSCD = 1.74 * 10" moleclon” 5
100 WWW 0] ;
80 ] g~ =0 residual, RMS = 2,03 * 10°
] e s T T — 71—
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Fig. 6. Example for the spectral retrieval of N@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 analys
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 df,34at for HCHO at 1.7 km and SZA=33.8espectively. The reference
spectrum is taken from the same flight over a clean region at an altitude of 11.4 km with a SZA%f 17.6

4 Exemplary results dSCDs are very likely enhanced by multiple scattering inside

the cloud as suggested by the peak inddlumn values.
The dSCD time series measured inside the aforementioned

deep convective cloud on 1 August 2006 over central China The deep convective cloud is characterized by the pres-
(106.5 E, 27.F N, flight altitude=11.4km) is shown in ence of elevated columns of HONO, NOHCHO and

Fig. 8. Shortly after 05:55 UTC a peak in all slant columns Os. Simultaneously in-situ measured NO and \Nfeak

can be seen, except for BrO. The red box indicates the tim¢H. Ziereis, personal communication, 2007, CARIBIC
period of the aircraft flying inside the cloud. Video record- database), whereass@nd CO mixing ratios drop sharply
ings of the forward looking camera mounted in the pylon re-(A. Zahn, F. Slemr, D. Scharffe, personal communication,
veal that the aircraft travelled completely inside a large cloud2007, CARIBIC database), indicating the presence of a dis-
during this period. This is further confirmed by coincident tinct air mass that had not yet been mixed with ambient air.
high in-situ total water values (A. Zahn, personal communi- Generally, @ dSCDs measured in the nadir viewing direc-
cation, 2007, CARIBIC database). In this case the measuretion are dominated by the stratospheric ozone signal and are
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Fig. 8. DOAS results of measurements inside a deep convective
Fig. 7. Example of a spectral retrieval of HONO (nadir). The black cloud over central China on 1 August 2006 (1065 27.F N) at
lines represent the fit results for the different trace gas cross secan altitude of 11.4 km with a SZA of 1526 The reference spectrum
tions; the orange lines show the residual structure added to the res taken from the same flight and altitude with a SZA of 2708er
trieved absorption structure The analysis is performed on a speca clean region at 05:40 UTC. The time period of cloud interception
trum recorded inside a deep convective cloud on 1 August 2006s indicated by a red box. Inside the cloud, all trace gases show
over central China (106°%E, 27.P N) at an altitude of 11.4 km with  enhanced slant columns, except BrO.
a SZA of 15.6. The reference spectrum is taken over a clean re-
gion from the same flight and altitude with a SZA of 17(6ee also

Fig. 8). Data of the World Wide Lightning Location Network (see

http://webflash.ess.washington.gdhows lightning activity
hardly sensitive to tropospherics@inless there are exten- in this area for the same period of time. It i§ thL_Js likely that
sive light path enhancements. In-situ measurgdsin the the_obse_rveq N@and HONO were f‘?rmed in-situ, HONO
same order of magnitude inside the cloud as where the refert-’y lightning mduced OH and.NO, wh|le elevate_d HCHO lev-
ence spectrum is taken (at 05:40 UTC) and the correspona‘?ls_comd be explalned by either direct formathn and/or re-
ing change of the stratospheric contribution is negligible. It 26tion of OH with methane or by the concomitant updraft
is therefore assumed that the peak in thelSCDs is mainly of polluted air through deep convection (e._g. Bh_et_::ma_bhotla
caused by multiple scattering effects inside the cloud. In-St ?l" 1985)'_ Since HONO photolyzes qw_ckly, _'t i highly
situ NO, in contrast, is below detection limit at 05:40 UTC Unlikely that it had been transported to this height from a
(H. Ziereis, personal communication, 2007, CARIBIC data ground based pollution source. _ o _
base) and peaks inside the cloud, giving reason to assume Converting the HONO peak dSCD into a mixing ratio
that the NQ and HONO dSCD peaks and possibly also the yields about 70 ppt HONQ. This conversion was done in two
HCHO peak are caused by an increased concentration in thigteps: 1) In order to derive a proper AMF for the measure-
specific air mass. ment inside the cloud, the above introduced radiative trans-
fer model Tracy Il was used to vary modelled cloud proper-
ties, until measured and modelled 6CDs agreed. The sin-
gle scattering albedo was set to 0.99999 and the asymmetry

Atmos. Meas. Tech., 2, 63852 2009 www.atmos-meas-tech.net/2/639/2009/
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parameter g to 0.85, which are suitable values for most cloud 15—

scenarios. Initial cloud top heights (12-18km) as well as 1.0 HONO

cloud optical density (60) were taken from MODIS data 8:8}

(http:/Nladsweb.nascom.nasa.fjovhe best agreement of,O -038-' Pt RSN, s i

SCDs (within 5%) was achieved for a cloud with an optical — 203 o 4 HCHO

density of 100, expanding from 2km up to 14-15km alti- £ 104 yi 4

tude, which are suitable values for a deep convective cloud o § 0+ #W' s

near the Tropics. 2) Utilizing these best fitting cloud prop- 3 83+ [ " ' ' ' " ' T T,

erties resulted in an AMF of about 8 for light path enhance- © gE ;E o2 q NO: :

ments within the cloud. 2 0 w\,ﬂg@ m“-{
Subsequently the above stated HONO mixing ratio was 010 T T

calculated, assuming a homogeneous trace gas distributio! 0.05 ] BrO

inside the cloud. To get a first estimate on the quality of this 0.00 ]

conversion, the peak421SCD was also converted into a mix-
ing ratio, yielding about 55 ppb, compared to 60 to 65 ppb 750 3

%
measured in-situ (A. Zahn, personal communication, 2007, "E %8@:_ WW“ O -/
CARIBIC data base), which is within 15% and renders this o L -250] i d
method a reasonable approach. 8 5] LR

Time series of the same trace gases during the traverse % g OE O
of a biomass burning plume are presented in Fig. 9. These © L 5]
data were recorded during a return flight betwe@&n Baulo AP 105 I N L L N L L
and Santiago de Chile on 5 October 2005. Biomass burn- 5 ggj local SZA
ing signatures are marked with a red box. Enhanced slani I 40
columns of NQ and HCHO measured by DOAS coin- w *
cide with high NQ (H. Ziereis, personal communication, 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
2007, CARIBIC database) and CO (F. Slemr, D. Scharffe, UTC (5 October 2005)

personal communication, 2007, CARIBIC database) mix-

ing ratios observed by in-situ instruments.  Combining rig. 9. DOAS resuilts for a return flight fromz® Paulo to Santiago
these findings with trajectory studies, CQ-Qorrelations  de Chile (left) and back (right). Biomass burning signatures are
and aerosol measurement results can yield information oinarked with a red box, while flying in stratospheric air is indicated
origin and age of the air mass(es). Furthermore, theby green boxes. The reference spectrum is recorded at 12:33UTC.
flight track crossed massive clouds (information taken from
ECMWEF data, sednttp://www.knmi.nl/samenw/campaign
support/CARIBIQ, coinciding with lightning activity (infor- A similar, but more pronounced event is shown in Fig. 10,
mation taken from NASAs lightning imaging sensor (LIS, were simultaneously enhanced BrO, N@nd G levels
seehttp://thunder.msfc.nasa.goand a peak in the HONO could be measured over the Tibetan Plateau by thelé@n-
slant column density. This is perhaps a similar finding to thatward viewing direction on 1 August 2006 (red box). Because
over China, while the contribution of biomass burning,NO of the above mentioned reduced light gain of this viewing an-
to the HONO formation is unclear. gle, spectra were co-added to yield a time resolution of 2 min

Periods when the aircraft was flying in lower stratosphericand 12/20 min respectively to achieve a better signal-to-noise
air (in or just above the tropopause) are indicated by greematio. (Oz slant column densities are derived from the BrO
boxes in Fig. 9. Higher slant columns og®@an be clearly  analysis, as the spectra quality did not permit an analysis at
identified and the effect is also slightly visible in the NO shorter wavelengths, where the @bsorption is stronger.)
columns, as both trace gases exhibit maxima in the stratoSince the nadir viewing direction shows no elevated values
sphere. The “down welling” of the tropopause is causedfor the respective trace gases during the same period and as
by tropopause folding activity over the Andes, which is a both viewing directions are similarly sensitive to the strato-
common phenomenon in this region. Bothz @nd NG sphere, it can be safely assumed that the measured trace gases
dSCDs are also affected by stratospheric light path enhanceare located beneath the aircraft in the troposphere, where the
ments caused by a change in SZA. The trace of the locall(® viewing direction exhibits its highest sensitivity. The ori-
SZA (Fig. 9) indicates this effect on measured slant columnsgin of this air mass is very likely stratospheric: In Fig. 11
which is again clearly visible in thegTolumns and less pro- potential vorticity values for this flight over central Asia are
nounced in the N@columns. Superimposed features as seemplotted, indicating the course of the tropopause in yellow to
in the red and green boxes fog@nd NG are consequently red shading. A blue box encloses regions with elevated PV
due to other causes. values in the troposphere (84-4105.2 E, 41.7—29.5 N,

flight altitude=11.4 km), which are very probably remnants

www.atmos-meas-tech.net/2/639/2009/ Atmos. Meas. Tech., 266292009
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Fig. 11. PV values derived from ECMWF data for flight LH158
(provided by P. van Velthoven, KNMI, selettp://www.knmi.nl/
samenw/campaigeupport/CARIBIGQ. The PV plot shows the
flight track over the Tibetan Plateau and potential vorticity (red con-
tours) with values between 1 and 5 PVU shaded from yellow to red.
The blue box indicates elevated PV values in the troposphere, prob-
ably caused by a dissolved tropopause fold.
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Fig. 10. BrO, NO, and @3 dSCDs of the 19 down viewing direc-
tion for flight LH158 on 1 August 2006. The reference spectrum is

recorded at 04:48 UTC with a SZA of 15.8Higher slant columns . . o .
between 01:00 and 03:00 UTC are caused by a rising sun and cofO and particularly the high ozone mixing ratio support the

responding light path enhancements in the stratosphere. The re@Ssumption that this air mass originated in the stratosphere.
boxes mark episodes of elevated tropospheric BrO; N@d G. During ascent and descent of the aircraft, information on
the local boundary layer is gained. To obtain this infor-
mation, a boundary layer profile retrieval of N@as tried

of a dissipated tropopause fold. Judging from camera and Oon data measured during a descent in Guangzhou, China on
data, a cloud free atmosphere was present below the aircraft August 2006. The retrieval was performed using the well
between about 03:30-05:30 UTC. Assuming that 1) stratoknown optimal estimation method (Rodgers, 2000), where
spheric contributions are canceled out by the reference spe@ best estimate of the vertical profile is determined using
trum taken at 04:48 UTC, and that 2) the observed trace gathe measured SCDs, an a priori profile, and the Box-AMFs
columns are confined within the area of elevated PV values aas weighting functions. The inversion algorithm is imple-
showninFig. 11, i.e. between 8-11 km altitude, and homoge-mented in McArtim (Deutschmann and Wagner, 2008; Wag-
neously distributed, then averaged mixing ratios for this areaner et al., 2007), the successor of Tracy Il (see above). This
(AMF=6.7) yield about 6 ppt BrO, 0.5 ppb NGnd 230ppb  program was also used for the respective AMF modelling. In
O3 for the slant column density maxima at 04:15UTC. In order to derive suitable Box-AMFs, a cloud free descent was
light of the above discussed reduced spectra quality of theehosen and the aerosol profile was constrained by modelling
10° down viewing direction and the underlying assumption, different aerosol scenarios until measured and modelled O
an overall error of about 30% is estimated for these mixingvalues agreed (for retrieving information of aerosol proper-
ratios. The NQ@ value might be biased by a tropospheric ties by Q, measurements see e.g. Wagner et al., 2004; Wit-
background. However, this might largely be excluded fortrock et al., 2004; Sinreich et al., 2005; Friel3 et al., 2006).
BrO since typical tropospheric mixing ratios are in the order Therefore aerosol optical density, profile height and single
of 0.6-3 ppt (e.g. Fitzenberger et al., 2000; Hendrick et al.,scattering albedo were varied, while the asymmetry parame-
2007; Theys et al., 2007). The observed mixing ratio of 6 pptter g was fixed to 0.68, representing urban aerosol. The best
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altitude [km] a height resolution of 500m. Data is taken from a descent in

Guangzhou, China on 1 August 2006. The dashed line indicates
Fig. 12. Measured and modelled4C5CDs in order to derive in-  the height of the aerosol box profile used in the retrieval.
formation on the aerosol profile upon descent in Guangzhou, China
on 1 August 2006. The retrieved aerosol profile served as input
parameter for a N@profile retrieval. Data points labeled as “roll  tance to the airport. Therefore the retrieved aerosol profile as
impact” mark the effect of an aircraft turn within the aerosol layer \yq|| as the retrieved concentrations are the product of averag-
with a maximum roll angle of 15 This change in roll angle affects ing over locally varying aerosol and trace gas distributions.
directly the telescope viewing directions and is correlated with theSenSitivity studies need to be conducted to provide further
deviation of the measured,@olumns at this altitudere1 km). . . . . .
insight on the accuracy of this profile retrieval. The derived
mixing ratio from this retrieval calculates to 4.1 pp0.9 ppb

) ) NO; for 0—1 km altitude.
match of measured and modelled @lues is achieved for

an aerosol box profile with an optical density of 1, a height

of 1.8km and a single scattering albedo of 0.75. Results for5 Conclusions and outlook

the 10 up and nadir viewing directions are shown in Fig. 12.

The strong reduction of £columns seen in the 2Qup view- Most parts of the CARIBIC DOAS instrument performed re-

ing direction upon entering the aerosol layer indicates highlyliably during 30 flight operations. Three years of continu-

absorbing aerosol. (The 1@own viewing direction was ous exposure of the telescope block inside the pylon to the

omitted, due to rather large uncertainties in the retrieval ofalmost daily harsh conditions of pressure changes, tempera-

the O; column contained in the reference spectrum). ture variations, and changes from extreme tropical humidity
NO, columns from all viewing directions served as input {0 dry stratospheric air have been an ultimate test for the sys-

parameters for the trace gas profile retrieval, with nadir SCDgem: The connections between the quartz fibre bundles and

contributing with a 30 s time resolution (corresponding to athe telescope block have shown to be critical and the spectral

100-200 m height resolution), and both up and down viewingfilters are fragile. On the other hand, the quartz fibre bun-

directions ¢10°) with a 2 min time resolution (correspond- dl€s appear to be rather robust, even though they remain a
ing to a 400-800 m height resolution). critical part in this system. With respect to the overall flight

The boundary layer is about 2 km high at 14:00 local time performance, the following conclusions can be drawn:
and can be assumed to be well mixed. The retrieved profile
in Fig. 13 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 measure-
ments. Accordingly, profile inversion from CARIBIC DOAS

— 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 spec-

measurements seems to be a suitable concept. However, the
facts that the aircraft maneuvered within the boundary layer,
that the nadir data contains little vertical information and that

data of the slant directions are of inferior quality, limit the

spatial information content of these measurements. The total
descentinside this boundary layer averaged over a 50 km dis-

www.atmos-meas-tech.net/2/639/2009/

tra during night.

— The 30 s time resolution is suitable for the analysis of

most trace gases in the nadir viewing direction. It al-
lows the resolution of unique events as shown by the
detection of HONO in a deep convective cloud and will

Atmos. Meas. Tech., 266292009
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very likely also be suitable for the analysis of the other Acknowledgementsie thank the CARIBIC team, particularly Di-
viewing directions in the future. eter Scharffe, Franz Slemr, Claus Koeppel, Markus Hermann and
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— With all three viewing directions operational — since

February 2008, the CARIBIC DOAS has gained back Thank_ you to Tim Deutschmann for providing TRACY—Z and
. . - . - McArtim and thanks to Lufthansa and Lufthansa Technik for the
its full spatial resolution, which will make measure-

s . ongoing good cooperation.
ments much more sensitive to trace gases in the free

troposphere. On average the spatial resolution is 7-8 knggited by: M. Weber
along flight track (determined by aircraft velocity), with
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