N

N

Balloon-borne limb profiling of UV /vis skylight
radiances, O3, NO2, and BrO: technical set-up and
validation of the method
F. Weidner, H. Bosch, H. Bovensmann, J. P. Burrows, A. Butz, C.
Camy-Peyret, M. Dorf, K. Gerilowski, W. Gurlit, U. Platt, et al.

» To cite this version:

F. Weidner, H. Bosch, H. Bovensmann, J. P. Burrows, A. Butz, et al.. Balloon-borne limb profiling
of UV /vis skylight radiances, O3, NO2, and BrO: technical set-up and validation of the method.
Atmospheric Chemistry and Physics, 2005, 5 (5), pp.1422. hal-00328388

HAL Id: hal-00328388
https://hal.science/hal-00328388
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00328388
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 5, 1409422 2005 y —* .

www.atmos-chem-phys.org/acp/5/1409/ Atmospl‘]erlc
SRef-ID: 1680-7324/acp/2005-5-1409 Chemls_try
European Geosciences Union and Phys|cs

Balloon-borne limb profiling of UV/vis skylight radiances, O3, NO,,
and BrO: technical set-up and validation of the method

F. Weidner!, H. Boscht*, H. Bovensmanr, J. P. Burrows?, A. Butz12, C. Camy-Peyre€, M. Dorf1, K. Gerilowski?,
W. Gurlit 3, U. Platt?, C. von Friedeburg!, T. Wagner?, and K. Pfeilsticker!

Linstitut fur Umweltphysik, University of Heidelberg, Heidelberg, Germany

2| aboratoire de Physique Metulaire et Applications (LPMA), UnivergtPierre et Marie Curie, Paris, France
3Institut fiir Umweltphysik und Fernerkundung, University of Bremen, Bremen, Germany

“now at: Jet Propulsion Laboratory (JPL), Pasadena, USA

Received: 9 August 2004 — Published in Atmos. Chem. Phys. Discuss.: 24 November 2004
Revised: 2 May 2005 — Accepted: 9 May 2005 — Published: 14 June 2005

Abstract. A novel light-weight, elevation scanning and ab- mospheric remote sensing by monitoring a larger num-
solutely calibrated UV/vis spectrometer and its application tober of atmospheric trace constituents by spectrally resolved
balloon-borne limb radiance and trace gas profile measuretV/vis/near IR limb scattering observations. SCIAMACHY
ments is described. Its performance and the novel methoik a national contribution by Germany, the Netherlands and
of balloon-borne UV/vis limb trace gas measurements hadBBelgium to the ESA-Envisat satellite, which was launched
been tested against simultaneous observations of the sanigto a sun synchronous low orbit on 28 February 2002
atmospheric parameters available from either (a) in-situ in{(Bovensmann et al., 1999). SCIAMACHY simultaneously
strumentation (cf., by an electrochemical cell (ECC) ozonemeasures the atmospheric skylight in a variety of viewing di-
sonde also deployed aboard the gondola) or (b) trace gas proections and the extraterrestrial irradiance in the wavelength
files inferred from UV/vis/near IR solar occultation measure- range from 220 nm to 2380 nm, at moderate spectral resolu-
ments performed on the same payload. The novel techniquéon (e.g., Eichmann et al., 2003; Von Savigny et al., 2004
is also cross validated with radiative transfer modeling. Rea-and 2005).
sonable agreement is found (a) between measured and sim- The UV/vis limb measurements of SCIAMACHY, how-
ulated limb radiances and (b) inferred limi3, NGz, and  eyer, involve a number of methods which require careful vali-
BrO and correlative profile measurements when properly acyation and verification through collocated ground-based, air-
counting for all relevant a'Fmo_spheric parameters (temperabraft’ and balloon-borne measurements. Among them, the
ture, pressure, aerosol extinction, and major absorbers).  mgdeling of the atmospheric radiative transfer (RT) — includ-
ing the investigation of its sensitivities to a larger number
of atmospheric parameters (cf., the temperature, pressure,
1 Introduction ozone and aerosol profile,.) — is most challenging for the
interpretation of UV/vis limb measurements.
In the_past two decades remote_,- sensing of the atmosphere Following the pioneering studies of McElroy (1988), we
by optical methods has evolved into a powerful tool for me- re ot here on one of the most stringent tests ever to validate
teorology, atmospheric photochemistry and climate studiesyhe jndividual steps (spectral retrieval, RT modeling and pro-
Most recently, space-borne UV/vis limb observations of thefjq inversion) — and thus of the whole UV/vis limb technique.

skylight have also become available, c.f. through the SMEE; ihe present study we have chosen a twofold approach.
(Mount et al., 1983), SOLSE/LORE (McPeters et al., 2000),

Odin/OSIRIS (Von Savigny et al., 2003; Sioris et al., 2003), b ("1) Tr:)e validatiodn isbpelrforlmed :3%/ degloyl/Jir\w/? a novel
Envisat/SCIAMACHY (Burrows et al., 1995) instruments. a OOID' borne, and abso Utl(la)é Ca.'.rggAS VIS scan-
The SCIAMACHY (SCanning Imaging Absorption spec- ning limb spectrometer (called mini- ) on a cou-

: le of stratospheric balloon flights on the azimuth con-

troMeter for Atmospheric CHartographY) on the ESA- P . .
Envisat satellite offers unprecedented possibilities for at-tm”?d L'.DMA/ DOA.S payload (L'aboratplre d.e Physique
Moléculaire et Applications and Differential Optical Absorp-

Correspondence tdK. Pfeilsticker tion Spectroscopy). These measurements allow us (a) to
(klaus.pfeilsticker@iup.uni-heidelberg.de) absolutely monitor UV/vis skylight radiances as a function
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of sensor and tangent height, viewing geometry and solafd) which are mounted into an evacuated and temperature-
zenith angle (SZA) and (b) by applying the Differential Op- stabilized housing, and finally (e) a single board computer
tical Absorption Spectroscopy (DOAS, Platt, 1994; Platt andfor data handling and storage.
Stutz, 2006) technique to infer vertical profiles for a number (a) The nadir and limb telescopes each consist of a spher-
of UV/vis absorbing atmospheric trace gases, (RO, Oy, ical quartz lense (1Z mm diameter, 30 mm focal length)
BrO, HO, and possibly in future of OCIO, 10, OIO,.). which focuses the incoming scattered skylight onto the cir-
(2) Further, the measured mini-DOAS limb radiances arecular or the rectangular entrance of the glass fiber bundles.
inter-compared to simulations of a novel Monte-Carlo (MC) During the balloon flight, the nadir telescope is mounted at
radiative transfer model, the latter to be used in future studthe bottom of the outer frame of the LPMA/DOAS payload
ies for forward modeling of the SCIAMACHY limb obser- structure, which provides an unobscured view into nadir di-
vations. Secondly, the inferred trace gas profiles from therection. The limb telescope is mounted on an elevation an-
mini-DOAS instruments are validated against simultaneousgle scanner (built by Hofmann Mef3technik, Rauenberg, Ger-
profile measurements of the same atmospheric constituentsany) which supports limb observations in a range-af°
measured by well established in-situ (e.g., ozone by an electo —20° elevation angle, with step sizes as small &340
trochemical cell) or optical remote sensing techniques (cf.,During the balloon flight, the scanner is mounted on the right
solar occultation) performed on the LPMA/DOAS payload. hand side (i.e., in &90° azimuth angle relative to the Sun’s
For details of the latter measurements see e.g., Camy-Peyrarzimuth direction) of the azimuth controlled LPMA/DOAS
etal., 1993; Payan et al., 1998; Ferlemann et al., 1998, 200qyondola.
Harder et al., 1998, 2000;8ch et al., 2003, and the accom-  (b) Each glass fibre bundle consists of 10 individual quartz
panying paper of Gurlit et al., 2004). glass fibers each (diameter 10, length 2m, numerical
The present study is organized as follows: In Sect. 2, theaperture=0.22). Glass fibre bundles are used, since they not
newly developed instrument is described and characterizeddnly allow for a more flexible arrangement of the instru-
and experimental details about the absolute calibration argnent, but are also known for largely reducing the polarization
given. Furthermore, descriptions of the data analysis methsensitivity of grating spectrometers (Stutz and Platt, 1996,
ods, i.e. DOAS evaluation, RT modeling, profile inversion, 1997). In fact, laboratory measurements show that by using
and error analysis, are provided. In the Sects. 3 and 4, seglass fibre bundles the polarization sensitivity of an Ocean
lected atmospheric observations of the mini-DOAS instru-Optics USB 2000 spectrometer is smaili%). For the nadir
ment are described and discussed with respect to the me&bservations, the individual glass fibres are arranged in circu-
surements of the other instruments also deployed aboard tHer geometry at the light intake, a mounting which together
LPMA/DOAS payload. Section 5 concludes the study with with the telescope supports a round field of view (FOV) of
the lessons learned for future investigations. 0.6°. For the limb observations the glass fibres are arranged
in a “rectangular geometry” light intake set-up i.e., the in-
dividual glass fibre entrances are linearly aligned. This ar-

2 Methods rangement supports a FOV ofi® in the vertical and B4°
in the horizontal direction. Likewise, the glass fibres are lin-
2.1 Technical set-up of the mini-DOAS instrument early aligned at both exits, and the outgoing light is skimmed

by a 50um wide and 100@m high spectrometer entrance

The novel mini-DOAS spectrometer has been designed foslit.
low weight (<7kg) and low power consumption .&/W), (c) The heart of the mini-DOAS balloon instrument con-
with a particular emphasis being put on stable imaging andsists of two commercial Ocean Optics USB 2000 spectrom-
a reasonably large signal to noise ratio. While the small sizeeters for simultaneous nadir and limb observations. The
and low weight offers the chance for versatile applicationsUSB 2000 is a miniature grating spectrometer working in
(c.f., a stand-alone operation for time resolved measurementsross Czerny-Turner geometry. Its advantage is the small
of important stratospheric radicals, trace gas measurementsize (86<63x30 mn?), the low weight (270 g) and the high
and radiative transfer studies in the cloudy troposphere), @hoton detection sensitivity owing to an integrated linear
stable imaging is found to be necessary for the detection oCCD array detector (Sony ILX511). The light enters the
O3, NO> and in particular of the weakly absorbing gases spectrometer through an entrance slit from which it is fo-
(BrO, OCIO, 10, OIO.. ), based on the experience with our cused by a collimator mirror onto a holographic grating with
larger precursor balloon spectrometer. 1800 grooves/mm. A second mirror focusses the light onto

The mini-DOAS instrument consists of 5 major parts: (a) the linear CCD array with 2048 pixels (each pixel is i
2 light intake telescopes for simultaneous nadir and scanwide and 20Q:m high). Attached onto the CCD array de-
ning limb observations (the latter being mounted on an autotector is a cylinder lense which focuses the 1000 high
mated elevation scanner), (b) glass fibre bundles which conentrance slit onto the 2Q0m high detector. Also attached to
duct the skylight from the telescopes into the spectrometersthe CCD array detector is the preamplifier and a control logic
(c) two commercial Ocean Optics USB-2000 spectrometeraunit which handles the pre-amplification of the signals, A/D
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conversion to 12 bit data and communication. 10°
The spectrometers cover a spectral range o327 nm 1 white light
at a full width at half maximum resolution (FWHM) of —®—1-onoise

0.8—1nm, or 8 to 10 detector pixel/FWHM depending on the 1 \ ;k:,;g'::ak o peaknnoise
wavelength. Based on previous experience, this wavelength o —O0— 1-c noise

coverage and resolution should allow for the detection of the 10 3 —O— peak to peak noise

atmospheric trace gaseg,NO,, O4, BrO, HO, (and po-
tentially OCIO, 10, OIO, CHO).

(d) Both spectrometers are kept in a sealed and evacuatecg
container, which itself is immersed in a water-ice reservoir = | '\
(~2liters). This ensures a stable spectrometer and CCD ar- "° ... \O
ray temperature of @ during an entire balloon flight. ] \ °

(e) Data handling and storage is maintained by a single 1 g

board PC (type National Geode 200 MHz) which is equipped 1 \
O

with a flash memory device. The allocated data are trans-  1¢*

ferred from the spectrometers to the PC via a USB data ] u
transfer connection. It supports a data transmission rate fast - e T
enough to record a single spectrum every 25 ms. Possible in- 1 10 100 1000 10000

tegration times per spectrum as provided by the manufacturer number of scans N

of the spectrometers are in the range 535ms. The Fig. 1. Root mean square (@) and peak-to-peak residual structure
PC can altematively be operated under Windows or L|nUX(5_a) as a function of co-added spectra N at 80% illumination level

with our Iab-qwned DOASIS or XDOAS software pack- _of the CCD array detector for white light of an integrating sphere
ages, respectively. Both software tools support the automatigq skylight. The arrows indicate the §)-noise actually achieved
adjustment of the integration time, recording and storage ofjyring the balloon flights.
the measured spectra and the control of the limb scanning
stepper motor.

The total size of the instrument is 26@60x 310 mn? is 270 electronss corresponding to 18 Bl$. The average
(w/o fibers), its weight is~4.8 kg plus 2 kg of water and ice, dark current, however, is 1&electrongs only, correspond-

and its power consumption is7.5W. ing to 109BU/s. The dark current noise is proportional
to the square root of the integration time and measured to

2.2 Instrument performance and calibration 0.42BU/./s, much smaller than the other noise contribu-
tions.

Instrument performance: The optical performance of the Since all noise contributions (a) to (c) are inversely pro-
mini-DOAS instrument is tested in a set of laboratory mea-portional to the square root of the number of scans (N), the
surements using alternatively Penray Hg, Kr or HgCd emis-total noise is measured as a function of N (see Fig. 1). For
sion lamps or white light sources (integrating sphere typethis purpose the total noise and its scaling with the number
BN-102-3 manufactured by Gigahertz). For the temperatureof scans is monitored using scattered skylight and a small
stabilized (0C) instrument, the following relevant noise con- integrating sphere. In both cases, the hoise for single
tributions (1e rms) are found for single scans: scans is~0.7%. For a medium large number of scans, the

(a) an electron shot noise level of 15 binary units (BU) instrument, in fact, operates at the physical limits given by
corresponding to a #&- noise of 0474% for a 80% satu- the photo-electron noise. For an actual balloon flight, typi-
ration level of the CCD array with a well-depth of 62500 cally 100—1000 spectra (corresponding te-1@0 s integra-
electrons and an electron to binary unit conversion factor oftion time) are co-added for the sake of height resolution. This
15 electrongBU. As for a DOAS evaluation the ratio of the results for field conditions in a total ¢noise of & 104 for
spectrum being analyzed and a solar reference spectrum 00, and Bx10~* for 1000 co-added spectra, respectively
considered, the noise has to be multiplied by a factor®f  (as indicated by the arrows in Fig. 1).

yielding a photo-electron shot noise a6@%. The spectrograph stray light is analyzed by laboratory
(b) a total electronic noise of 6¥electrons or 4 BU measurements (Weidner, 2005). It is estimated 26-0.3%
causing a noise of.035% at 1e. of full saturation resulting in a contribution 6£1% at all

(c) the dark current of the SONY ILX511 shows a occurring saturation levels. Spectral structures arising from
large pixel to pixel variation e.g., next to pixels with very spectrograph stray light can be eliminated by including an
small dark current there are pixels for which the currentadditive polynomial to be fitted to the measured intensity (in-
tensity offset) during the fitting procedure.

Lavailable for download undetttp://www.iup.uni-heidelberg.
de/bugtracker/projects/doasis/
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Absolute calibration: The radiometric calibration of both al., 2004) for the two wavelengths and the relative prob-
spectrometers is performed in two steps: In a first stepability for Rayleigh scattering490 nny360 nm*4=3.432,
a small, but not absolutely calibrated, integrating spherethe radiance ratio(860 nm)/1(490 nn)=2.018 can be cal-
(type BN-102-3 by Gigahertz) is absolutely cross calibratedculated. In fact, the model ‘Tracy’ calculates a ratio
against an absolute radiance standard using the mini-DOA®f 1(360nn)/1(490 nm=2.06, and our observation yields
instrument as transfer device. In a second step, this now al{(360 nm)/1(490 nm~2.0.
solutely calibrated integrating sphere is used for radiometric
calibration of each of the spectrometers, shortly before the2-3 DOAS evaluation
actual balloon flight is conducted. .

For absolute radiance calibration, a National Institute of O the evaluation of € NG, BrO, G4, and HO slant
Standards and Technology (NIST) calibrated FEL 1000 yycolumn densities (SCD), the Differential Optical Absorption

irradiance Quartz Tungsten Halogen (QTH) standard (seriaPPectroscopy (DOAS) technique is applied to the measured
number F-455 from OSRAM Sylvania; Walker et al., 1987) spectra (Platt, 1994; Platt and Stutz, 2006). For the spectral

is employed in combination with a calibrated space gradetrieval, the WInDOAS software is used (C. Faytand M. Van
Spectralon diffuser plate manufactured by Labsphere. Thé?oozendael, 2001). Each.spectrum is corrected for electronic
same setup is used for absolute radiometric calibration offfset and dar.k current using an offsetand dark current spec-
SCIAMACHY during the SCIAMACHY calibration cam- trum, respectlvely,.recorded either on the ground shortly be-
paign in 1998 (Dobber, 1999). The bi-directional reflectance/©re launch or during balloon float after sunset. The spec-
distribution function (BRDF) of the diffuser plate is cal- (@l retrieval of Q is performed in the 499520 nm wave-
ibrated in 0-23 geometry by the Dutch company TNO length mtervall. The following cross sections are used: ozone
TPD. For more details see TNO TPD report of calibration from Voigt et al. (2001) at ¥203 K;,NOZ from H.arder et.
(van Leeuwen, 2003). NIST provides the calibration at a@- (1997) at =217 Kand 230 K, while the latter is numeri-
distance of 50cm. The wavelength dependent radiomet-ca"y orthogonalized with respect to the former; water vapor
fic iradiance accuracy of the NIST-FEL lamp ranges be-fom Rothman etal. (2003) aH4230 K and p=400 hPa; and

tween 091%-1.09%, and the long term reproducibility is O4 at room temperature from Hermans et al. (private com-

0.87%-0.96% in the 300-6546 nm wavelength range (for Munication, 2002). The spectral retrieval of NDis per-
more details see the NIST report of calibration, 844/25 7oformed in the 406-450 nm wavelength range. The follow-

96-96-1, 1997). For the radiance transfer measurements, t@9 Cr0Ss sections are used; @om Burrows et al. (1999)
NIST-FEL lamp and the Spectralon diffuser plate are posi-2t T=202 K and =221 K while the latter is numerically or-
tioned into the optical axis of the limb transfer spectrometer.thogonalized with respect to the former; N®om Harder
The field of view of the spectrometer light intake telescope is€t @l (1997) at ¥217 K; water vapor from Rothman et
small and completely located inside the characterized lam- (2003) at =230 K and p=400 hPa ; and @at room tem-

irradiance plane on the Spectralon diffuser plate. After theP€rature from Hermans et al. In this wavelength interval,

measurement is taken, a not yet absolutely calibrated intel€ @ Cross section from Voigt et al. (2001) recorded with

grating sphere (type BN-102-3) is cross calibrated with the® Fourier Transform spectrometer is rather noisy because the

calibrated transfer spectrometer. The uncertainty of the ra920ne absorption is minimal. Thus, the cross section from
diance of the NIST-FEL lamp and Spectralon setup in theBUrrows et al. (1999) recorded with the GOME spectrometer

300700 nm region is 23% as indicated by test measure- at medium resolution but higher signal to noise ratio is pre-
ments performed during the SCIAMACHY calibration cam- ferred. The spectral retrieval of BrO is done as recommended
paign (Gerilowski, 2004). For the somewhat less ideal con2Y Aliwell et al. (2002) in the 346 359 nm wavelength in-

ditions in the field, the estimated accuracy of the absolutel€'val With the following cross sections: BrO from Wahner

radiometric calibration of both channels is estimated to 35%et al. (1988) at ¥203 K shifted by+0.25 nm to match the

at 380 nm, 10% at 440 nm and 4% at 510 nm, including a"wavelength calibration of the BrO reference from the IUP-

known sources of uncertainties and errors. The reproducibil—Bremeﬁ; ozone from Voigt et al. (2001) at4203 K and

ity of the integrating sphere measurements is better than 1925 K While the latter is numerically orthogonalized with re-

Further, the absolute calibration is checked by comparSPeCt t0 the former; Npfrom from Harder et al. (1997) at

ing the measured radiance at two wavelengths (360 nm vs| =217 K; and Q at room temperature from Hermans et al.

490 nm), for a condition for which the radiative transfer is All h.igh resolution cross s_ections are convolved with the ac-
simple. For example, for the limb observations Q- tual instrumental shtfunctlon,determlned'from recordgd line
imuth angle,+0.5° elevation angle, SZA=884° at 30 km) spectra qf Hg and Kr: A spectrum correptmg for Fhe Rm.g 'ef-
during the Kiruna 23 March 2003 flight, RT calculations fect (Grainger and Ring, 1962) is also included in the fitting
show that most photongg0+5)%) are single Rayleigh scat- %for details see: http://www.oma.be/BIRA-IASB/Scientific/
tered. This number is in agreement with the study of Oikari- Topics/Lower/LaboBase/acvd/O4Info.html

nen et al. (1999). Therefore, by knowing the relative so-  3for details seehttp://www.iup.physik.uni-bremen.de/gruppen/
lar irradiance 360 nm/F(490nm=0.588 (e.g. Gurlit et  molspec/broZage.html
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Fig. 2. Sample DOAS evaluation of ozone in the wavelength in- F19- 3. Same as Fig. 2 but for the NOevaluation in the
terval 490-520 nm for a limb observation at float altitude in limp 400-450nm wavelength interval and a limb observation (at
scanning mode (at 38km altitude, an elevation angle ef5.5°, 30._9 km altitude,—3.5° eleva_tlon angle (corresponding to a tangent
azimuth angle of 99 and SZA=89%°) for the Kiruna flight on  height 0f~19.5km), 9¢' azimuth angle and SZA=8@) for the
23 March 2003. Shown are the retrieved optical densitiesgf O Kiruna flight on 23 March 2003.
NO», Ring (thick lines) and the latter plus the residual structure
(thin lines). The upper two traces show the measured (thick line)
and the Fraunhofer (thin line) spectra, the latter is recorded at ar@zimuth angle 90to the sun. Figures 2 and 3 show the spec-
altitude of 297 km, an elevation angle of &, an azimuth angle of  tral retrievals for the inferred differential slant column den-
90°, and SZA=8&%°. sities of ozone measured at.8km for SZA=899°, and el-
evation angle-5.5°, and of NGQ measured at 30 km for
SZA=894°, and —3.5° elevation angle, respectively. Fig-
routine: oring=Iraman/ref —IRaman). FOI I,cr, the same  ure 4 shows the inferred BrO absorption for an observation
solar reference spectrum as for the DOAS evaluation is usedit 264 km altitude 1.5° elevation angle, 90azimuth angle
and Igaman is calculated with the DOAS tool MFC (Gomer and SZA=829°) for the Kiruna flight on 24 March 2004.
et al., 1996). To correct for structures arising from spectro- One particular problem is that the DOAS method only re-
graph stray light, an additive polynomial (intensity offset) of trieves differential Slant Column Densities (dSCD), i.e. the
2nd order is fitted to the measured spectra during the DOASrace gas absorption of the spectrum to be evaluated minus
evaluation procedure. The obtained residuals are somewhdhat of the solar reference spectrum. So the trace gas ab-
lower if an additive polynomial is included into the fit. Both sorption of the spectrum used as solar reference has to be
the residuals and the fit results are almost identical and weltetermined separately and added to all measured dSCD val-
within the given uncertainties for a degree of the additive ues. One possibility is to use the solar spectrum from Kurucz
polynomial between 0 and 2. For the Fraunhofer referenceet al. (1984) convolved to the instrument’s resolution. How-
spectrum, a limb measurement from balloon float altitudeever, this leads to significantly larger residuals caused by im-
is used, for which the residual trace gas absorptions are exproperly removed Fraunhofer structures causing rather large
pected to be minimal. For example, for the flight from Kiruna systematic errors in the retrieved SCD values. Accordingly,
on 23 March 2003, the Fraunhofer reference is recorded athis method only works for the strong absorbertft cannot
29.7 km of altitude, SZA=8&", elevation angle+-0.5° and be used in the case of N@r BrO as their optical densities

www.atmos-chem-phys.org/acp/5/1409/ Atmos. Chem. Phys., 5, 14222005
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2.4 Radiative transfer modeling

1.5
;:g A Monte Carlo (MC) Radiative Transfer model (called
0.0 “Tracy”) has been developed by our group (Von Friedeburg,
Br 2003). It allows the forward simulation of the mini-DOAS
5.0 and Envisat/SCIAMACHY limb observations. In particular,
0.0 it can simulate the measured limb radiances and slant col-
5.0 0. (203K) umn dgnsities (SCD) of the trace gases under cc_)nsideration,
o : including sensitivity tests for varying atmospheric parame-
' ters such ag’, p, the ozone and aerosol profiles.
7 0.0 “Tracy” solves the radiative transfer equation by backward
2_1 0 1o 22310 Monte Carl_o simulations in a fully sph_erlcal, 3—d|men§|onal
-‘é 1:0 3 and refractive atmosphere. However, it does not consider the
8 polarization of the scattered skylight, which was found nec-
T 0.0 essary in a recent theoretical study on scattered light ozone
§-1.o NO measu_rements (.Has.ekam_p eF al., 2002). Eurther, |F supports
2 an arbitrary spatial discretization, a tool which permits to ac-
10 count for spatially strong varying aerosol and trace gas con-
0.0 centrations, and it takes into account multiple scattering with
1.0 Ring arbitrary scattering phase functions.
0.5 For the RT simulations, “Tracy” uses atmospheric tem-
perature and pressure profiles and, if available, profiles of
0.0 the atmospheric aerosol extinction and ozone concentration
-0.5 3 esidual (Honninger et al., 2004). For the present simulations, the
346 347 348 349 350 351 352 353 354 355 356 357 358 350 stratospheric aerosol data version 2.00 of the SAGE Il in-
wavelength [nm] strument is used (Thomason and Taha, 2003). The used

aerosol phase functions are calculated for a standard scenario

Fig. 4. Same as Fig. 2 but for the BrO evaluation in the 3369 nm using Mle_theory (Hendrlck,. PErs. communlcathn). Mie
wavelength interval and a limb observation (at4dém altitude, scattering due to trOpO_Sphe”C clouds is r_‘Ot gon5|dered fur-
_15° elevation angle (corresponding to a tangent height ofther. In the current version, “Tracy” runs with either the “Ku-

~255km), 90 azimuth angle and SZA=8®) for the Kiruna  fucz” (Kurucz et al., 1984) or the SOLSPEC solar spectrum
flight on 24 March 2004. (Thuillier et al., 1997, 1998a and b).

“Tracy” outputs are wavelength dependent limb radiances,
slant column densities (SCD) of the trace gases of interest
which the actual measurements can be compared to, and so
called box air mass factors (BoxAMFs). The latter give the
ratio of slant to vertical paths through each atmospheric layer,
i.e. AMF=SCD/VCD, where AMF is the BoxAMF,

are much smaller than the residual structures in that case. AC D the slant and/ C D the vertical column density of the
different approach is undertaken for BrO. As the BrO con- considered layer.

centration above balloon float altitude 2 km) is compar-

atively small and also well known, a BrO concentration pro- 2.5 Profile retrieval

file from the 3D-CTM Slimcat (Chipperfield, 1999) and the

RT modeled BoxAMF are used to simulate the BrO absorp-Profile inversion from measured SCDs is performed by the
tion contained in the solar reference spectrum. In the caséaximum A Posteriori (MAP) solution technique described
of NO,, this method cannot be applied because the winterlyin Rodgers (2000), also used for the inversion of solar oc-
stratospheric N@concentrations are not well reproduced by cultation measurements performed by the other optical spec-
CTMs and the solar reference is recorded in a region of verytrometers (DOAS and LPMA) deployed on the gondola. The
high NO,» concentrations implying large absorptions in the two-step approach of forward modeling of the atmospheric
reference spectrum itself so it has to be determined very preRT, and optimal estimation for profile inversion of measured
cisely. For the N@ measurements shown in this paper, the SCDs is chosen since it offers the chance to cross validate
NO; absorption of the solar reference spectrum is determinectach step of the newly developed limb technique. Sensitiv-
by a correlation plot of the measured dSCDs and RT simu-ty tests and validation can thus be undertaken on the sim-
lated SCDs using the profile obtained from the direct sunlightulated and measured limb radiance level, by comparison of
DOAS measurements as input. simulated and measured SCDs of the gases of interest, or
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Table 1. Compendium of balloon-borne mini-DOAS measurements

Date Location Geophys. Cond. Instrument Observation Mode

Time (UT) SZA range

18/19 Aug. 2002  Kiruna high lat. sum. LPMA/ nadir

15:15-2:38 6P°N, 211°E 69.75-94.4 mini-DOAS fixed limb

94.6-88.2

4 March 2003 Kiruna high lat. spring LPMA/DOAS nadir

12:55-15:25 6P°N, 211°E 77.6-88.8 mini-DOAS fixed limb

23 March 2003 Kiruna high lat. spring LPMA/DOAS nadir

14:47-17:35 6B°N, 211° E 78.9-94.7 mini-DOAS  fixed limb during ascent
scanning limb at float

9 Oct. 2003 Aire-sur-I'’Adour mid-lat fall LPMA/DOAS nadir

15:39-17:09 43°N, 0.25° W 66-88 mini-DOAS fixed limb

24 March 2004 Kiruna high lat. spring LPMA/DOAS fixed limb during ascent

13:55-17:35 6P°N, 211°E 72-98 mini-DOAS scanning limb at float

by inter-comparison of otherwise measured profiles c.f., ob- The inversion is characterized by the averaging kernel ma-
tained from the well validated solar occultation technique.trix A given by:

At the same time, the approach allows us to validate various T -1 el T e -1
radiative transfer codes used in upcoming studies addressir@ =K' STK+S) KIS K. )

SCIAMACHY limb observations. Averaging kernels being close to unity indicate a height reso-
Using the definition of the BoxAMF as stated above and ution of (or better than) the grid spacing used for the profile
the standard notation as used in Rodgers (2000), the profilgetrieval and independence of the retrieved profile point from

retrieval problem can be written as: the a priori. For all the profiles shown in this study, only
the altitudes levels with averaging kernels close to one are
y=Kx+e, (1) considered.

Constraining the inversion by an a priori profile is nec-
essary as the measurements contain no profile information
about the altitude levels above float altitude. In order not to
lose profile information about the altitude levels below float,
the covariance of the a priori is chosen as high as possible,
usually top=100%. As a result, the retrieved profiles are in-
dependent from the a priori in the altitude range traversed by
the balloon. This independence has been checked by varying
the a priori over a large range and by analysis of the averag-
ing kernels.

wherey is a vector of the measured SCDs,a vector of
the desired VCDs for each altitude layer, atdhe weight-
ing function matrix given by the RT calculated BoxAMF for
each measurement and altitude layer.describes the in-
evitable measurement errors. The best estimate solition
of this problem based on the measuremgngnd available
a priori informationx, is given by the linear MAP inversion
algorithm as described in Rodgers (2000), chapter 4:

i=K'S K+ H KT,y + S5 x), (2

. . 2.6 Error analysis
whereS,; and S, are the covariances of the a priori profile y

and the measurements, respectively. The covariance of thegr the @ and NG DOAS evaluation, the statistical retrieval

retrieved profile is given by: error determined by the residual noise is usually very small.
. T 1 11 In this case, the largest error of the retrieved SCDs arise from
S=K S T"K+S ) ©) systematical effects like uncertainties of the used cross sec-

tions and the solar reference offset to be added to the mea-

All covariance matrices are diagonal. The covariance of thesured dSCDs. These systematical error contributions are as-

measurements is given by the errors of the DOZAS evaluatiorgumed to be 5% of the retrieved dSCD and solar reference

& cc_)rrespondmg to .ea.ch me a_surement,Ssg,:gi - The co- offset, respectively. They are accounted for in the error anal-
variance of the a priori profile is taken as constant percentagtsa/SiS by retrieving an additional profile with a set of SCDs

p tOf thedprofl]l$ lt§elf,t)|t.g.Saé?(p x?’t") ' Thg error ofttheb with the respective error added. The difference of the two
re r|ev? profile IS obtained from [is covariance matrix by profiles yields the error of the retrieved profile arising from
oi=+/ Sii. the respective effect and is added to the error given by3qg. (
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Fig. 6. Comparison of measured (filled squares) and RT mod-
Fig. 5. Comparison of measured and simulated limb radiance ateled (open squares) limb radiances at 490 nm vs. local SZA at the
360 nm (open squares and dashed line) and 490 nm (filled squardzalloon position for the Kiruna 23 March 2003, balloon flight at bal-
and full line, respectively) for an azimuth angle of%hd an eleva-  loon float altitude (3(B—32.2 km) for an azimuth angle of 90and
tion angle of +0.5 during balloon ascent over Kiruna on 23 March elevation angle varying frort0.5° to —5.5° with +0.5° steps. The
2003. Also denoted is the Solar Zenith Angle (SZA) at the balloon figure shows 5 limb profiling scans consisting of up to 13 individual
position. observations each. The height labels denote the tangent heights of
the observations.

4 Results and discussion
3 Observations and flights

In the following, we provide some sample results obtained
from the data collected during 2 of the 5 balloon flights:

For the actual balloon flights (see Table 1) the instrument (a) In a first exercise, the measured absolute skylight radi-
is mounted on the azimuth controlled LPMA/DOAS pay- ances (azimuth angle 9(ixed elevation of-0.5°) are com-
load. One of the telescopes is directed into the nadir, whereapared with RT calculated skylight radiances for two wave-
the other telescope is mounted into the limb scanner, whicHengths £=360nm andi=490 nm) for the balloon ascent
points perpendicular to the Sun’s azimuth direction (whenand the scanning limb observations at balloon float altitude
the gondola is perfectly azimuth controlled). The elevation (30.3—32.2 km) at Kiruna on 23 March 2003 (see Figs. 5 and
of the limb telescope is kept fixed during balloon ascent at6, respectively). For the RT modeling the actually measured
an angle around°0 At balloon float, the instrument per- atmospheric parameters (profiles of T and p, and of ozone)
forms scanning limb measurements at elevation angles beare used. The ground albedo is set to 0.6 (which accounts for
tween—6° and 0. the still existing snow cover over Northern Scandinavia by
late March). No further assumptions are made for the tropo-
To date 5 mini-DOAS flights have been performed; and spheric aerosols and cloud scattering and absorption, mainly
overall the instrument performed well during all of them. because they are not known for the actual sounding and are
Since the instrument and method are novel and need somienown to be quite variable. Figure 5 demonstrates that with
testing, the instrument has been constantly refined, e.g., bthe given assumptions the measured stratospheric limb radi-
operating a limb scanner from the second flight on, by subseances at 360 nm and 490 nm are reproduced reasonably well
quently improving the instrument’s housing and cooling andby the RT model (within the given error bars). A:360 nm,
its software, and finally by adding a vacuum sealed hous-however, the measured limb radiances are exceedingly larger
ing surrounding the spectrometers. Therefore, the quality othan the simulation below 17 km. Also not unexpected, in
the limb and nadir spectra are not directly comparable fromthe tropopause region the measured limb radiances are much
one balloon flight to another. Nevertheless, the functionality,more variable at 490 nm than at 360 nm. This effect is due to
and the feasibility of the method, as well as its potential for the predominance of Mie scattering by aerosols and clouds
novel atmospheric observations are well demonstrated by thever Rayleigh scattering for the skylight radiances in the vis-
results discussed in the following section. ible (at 490 nm) compared to UV light (at 360 nm).
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Fig. 7. Comparison of limb (99 azimuth angle and.B° elevation Fig. 9

angle) measured (filled squares) and forward modelg&ODs us-
ing the ozone measurements from two ECC-sondes deployed on
the same gondola (full line), and flown stand-alongh after the

LPMA/DOAS launch (dotted line) for the Kiruna 23 March 2003 _ In a first step, the slant column densities of ozong-(O
flight. SCD) are inferred from the measured spectra, and com-

pared with the same parameter simulated by Tracy RT cal-
culations using as input either the Profile simultaneously

Figure 6 shows the measured and RT modeled limb radiimeasured on-board by an electrochemical cell (ECC), or
ance at=490 nm for the limb scanning observations at bal- by a stand-alone ECC {Osonde, launched-3 h after the
loon float altitude (3B—32.2km). During each limb scan, LPMA/DOAS gondola. Figure 7 reveals that the measured
the elevation angle is varied from0.5° to —5.5° in steps of ~ and simulated @ SCDs compare reasonably well, however
0.5° corresponding to about 10 min. Overall, a good agree-only for the simulations using the ozone profile measured
ment in the measured and modeled skylight radiance is foundby the ECC-sonde aboard (the full line in Fig. 7). Con-
for limb scans number 2 to 5 (when counting from left to versely taking the @profile in the simulation from the mea-
right), and only for the 1st run, the disagreement is larger atsured stand-alone launched ECC sonde launeti&d after
lower altitudes than expected. We believe that the gap arounthe LPMA/DOAS payload, larger £concentrations are ob-
SZA=90C is due to the notorious difficulties of RT models tained in the 1221 km height range with a corresponding
to deal numerically correct in this regime. Sensitivity tests overestimation in the simulatedz€8CDs (dotted curve in
showed that stratospheric aerosols and tropospheric cloudsig. 7). This comparison clearly demonstrates the quality
only have a small impact on the RT calculated radiances anaf the limb O; measurements and its sensitivity towards the
cannot explain the discrepancies. shape and ®concentration of the profile.

(b) After gaining some confidence in the RT modeling, we  In a second step, the measureg-&CDs are mathemati-
further evaluate the measured spectra during balloon ascewflly inverted into an @ concentration profile, using the RT
and at balloon float to obtain profile information of some rel- calculated BoxAMF and the inversion routine described in
evant atmospheric absorbers in the UV/vis wavelength rang&ect. 2.5 (see Fig. 9). Overall, a good agreement found be-
i.e., of 3, NO,, and BrO. tween the inferred limb ozone profile and the simultaneously

In a first exercise, we tested the; @rofile retrieval from  measured @ profiles either from the on-board ECC sonde
the mini-DOAS observations for a fixed limb viewing geom- or inferred from the direct sunlight DOAS observations indi-
etry (at an azimuth angle of 9@&nd an elevation angle of cates the feasibility of the balloon-borne limb method. The
0.5°) performed during the balloon ascent of the Kiruna 23 error bars are calculated as described in Sect. 2.6. The rela-
March 2003 flight. Note that the balloon flight is undertaken tjve total error of the inferred ©concentrations is510% in
around the vortex edge, implying large horizontal gradientsthe 10-25 km range increasing to 15% above as concentra-
in the trace gas concentrations. tions are lower. Below 10 km, the relative error is strongly

increasing due to very low tropospheric concentrations and,
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Fig. 9. Comparison of inferred @profiles from(a) limb observa-

tions (filled squares) at an azimuth angle of @dd elevation angle ~ Fig- 10. Comparison of inferred N@profiles from(a) limb ob-

of 0.5, (b) the direct sunlight DOAS measurements (open circles), Servations (filled squares) for an azimuth angle 6fa0d elevation
and two ECC ozone Sondes) one dep'oyed on the same gondo'a angle Of 050, and (b) from dil’ect Sun”ght DOAS measurements

(full line) and(d) from the stand-alone launched ECC-sonde (dotted (0Pen circles) during balloon ascent at Kiruna on 23 March 2003.
line) for the Kiruna, 23 March 2003 flight. The SZA was between 8Gat 10 km, and 88° at 30 km detector

altitude.

thus, stronger contribution of the stratospherid®the mea-
sured SCDs. The rows of the corresponding averaging kernel In a third exercise, we inferred a BrO profile from the limb
matrix A are shown in Fig. 8. The averaging kernels are closemeasured SCDs during balloon ascent on 24 March 2004
to 1 in the altitude range where measurements are availablgsee Fig. 11). As for the NDcomparison, the limb mea-
i.e. between 3 and 30 km, on the chosen altitude grid of 1 kmsured BrO compares excellently with the BrO measured with
below 20 km and 2 km above owing to the lower number of the solar occultation instrument, thus providing confidence
measurements due to lower limb radiances there. in both methods. The total relative error calculated as de-
In a second exercise, we inferred an N@ofile from the  scribed in Sect. 2.6 is12% in the 12-25 km range and sig-
measured SCDs during balloon ascent on 23 March 2003ificantly higher above and below as BrO concentrations are
(see Fig. 10). As before the comparison of theNiofiles ~ much lower.
inferred either from the limb or direct Sun observationsis ex- Finally, in a fourth exercise, we intercompare measured
cellent. This result again demonstrates the equally large serand simulated @SCDs for the scanning limb observations
sitivity of the balloon-borne ascent limb measurement com-at balloon float (3B—32.2km) for the Kiruna 23 March
pared to the solar occultation techniques. The higher error003 flight (see Fig. 12). As before, the measured and
of the mini-DOAS limb measured N@SCDs compared to  simulated @Q-SCDs compare well, in particular for tangent
the SCDs of the direct sunlight DOAS measurements dueheights above the ozone maximum concentratioB5km).
to a lower number of analyzed photons are compensated bifor lower altitudes, simulated45CD are larger by~10%
the better conditioning of the inversion problem (i.e. Box- than those measured, a finding for which the reason is not
AMFs with sharp maximum at the detector altitude) so thattotally clear. However, it is worthy noting that the simulated
both profiles have similar uncertainties. For the shown er-O3-SCDs are less sensitive to RT errors than the simulated
ror bars, 5% uncertainty of the solar reference offset is aslimb radiances. Therefore the small error found in the sim-
sumed. No systematical error of the cross section is assumedlated radiance (compare Fig. 3) can hardly provide an ex-
for this comparison as the same cross sections are used f@lanation for the discrepancies. For a given ozone profile, a
the DOAS evaluation of the mini-DOAS limb and solar oc- larger simulated than measured limg-SCD could mean a
cultation spectra. The total relative errors of the mini-DOAS longer simulated than real viewing distance (or a better vis-
profile is 5-10% above 25 km where N@oncentrations are  ibility) over which the limb radiance received by the instru-
maximum and 26-30% below. ment is integrated. Conversely, if the RT model simulations
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Fig. 11. Comparison of inferred BrO profiles froifa) limb ob- gent heights of the observation.

servations (filled squares) for an azimuth angle ¢f&0d elevation
angle of—1.5°, and(b) from direct sunlight DOAS measurements

(open circles) during balloon ascent at Kiruna on 24 March 2004.. . -
The SZA was between 7 at 9 km. and 85I° at 33 km detector N9 Sunset. Due to potential problems arising from the Earth

altitude. sphericity and atmospheric refraction, the latter provides a
stringent test for forward RT modeling. Further, accurate
and cross validated RT modeling and measurements, how-

fit well with the actual atmospheric RT, smaller measuredever, permit to calculate more reliably photolysis frequen-

than simulated @SCDs would imply smaller ozone con- cies of UV/vis absorbing atmospheric trace gases, known to
centrations than assumed in the simulation (here as beforde particularly difficult to calculate at large solar zenith an-
the on-board measured ECC-sonde ozone profile is takenples (e.g., Bsch etal., 2001; Uhl and Reddmann, 2004). The

In fact, there is a good reason to assume that the latter explanter-comparison demonstrates that the UV/vis optical prop-

nation is more likely than the former since the limb scanning erties of the stratosphere for volcanically quiescent and polar

measurement touched the vortex edge. The ozone-poor pétratospheric cloud free periods are reasonably well under-
lar air-masses were increasingly occupying the instrument'stood.

field of view as the gondola followed (in clockwise direction) ~ The novel limb technique is also cross validated by simul-

the increasing solar azimuth angle with progressing balloorfaneous measurements of the same atmospheric trace gases

flight duration. (here @, NO», BrO) and, overall, a good agreement is found.
It is shown that the UV/vis limb measurements are partic-
ularly sensitive in the upper troposphere/lowermost strato-

5 Conclusions sphere (UT/LS) for moderately large SZA during balloon
ascent. In the future, this particularly large sensitivity may

We describe the first application of a novel balloon-borneallow more accurate studies on the UT/LS N@ halogen

UV/vis spectrometer and its limb radiance and trace gasoxide photochemistry than presently available from remote

measurements. The study discusses the instrument’s perfogensing instrumentation. Moreover, scanning UV/Vis limb

mance in a series of balloon flights, and the novel method obprofiling may provide a rather powerful tool to investigate
balloon-borne UV/vis limb trace gas measurements is testethe time dependent photochemistry of stratospheric radicals,
against simultaneous observations of the same atmospherior example of the CIO+BrO ozone loss cycle by simultane-
parameters and RT model results. ous observations of the OCIO and BrO profiles in the win-
Overall, reasonably good agreement is found in inter-tertime polar stratosphere (WMO, 2002; Canty et al., 2005;

comparisons of simulated and measured limb radiance perSalawitch et al., 2005).

formed in fixed observing geometry during balloon ascent, Finally, our study demonstrates the overall feasibility of

and in limb scanning geometry at balloon float altitude dur-the various steps (spectral retrieval, forward RT modeling,

www.atmos-chem-phys.org/acp/5/1409/ Atmos. Chem. Phys., 5, 14222005
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profile inversion,...) in the emerging technique of satellite- Chipperfield, M. P.. Multiannual simulations with a three-
borne remote sensing of atmospheric constituents by spec- dimensional chemical transport model, J. Geophys. Res., 104,

troscopic UV/vis limb observations. 1781-1805, 1999.
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