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Abstract. A novel limb scanning mini-DOAS spectrometer profiles of tropospheric BrO. Results indicate that, for air-
for the detection of UV/vis absorbing radicals (e.gs, 8rO, craft ascent/descent observations, the limit for the BrO detec-
0, HONO) was deployed on the DLR-Falcon (Deutschestion is roughly 1.5 pptv (pmol mott), and the BrO profiles
Zentrum fir Luft- und Raumfahrt) aircraft and tested during inferred from the boundary layer up to the upper troposphere
the ASTAR 2007 campaign (Arctic Study of Tropospheric and lower stratosphere have around 10 degrees of freedom.
Aerosol, Clouds and Radiation) that took place at Svalbard For the ASTAR 2007 deployments during ODESs, the re-
(78 N) in spring 2007. Our main objectives during this cam- trieved BrO vertical profiles consistently indicate high BrO
paign were to test the instrument, and to perform spectramixing ratios (15 pptv) within the boundary layer, low BrO
and profile retrievals of tropospheric trace gases, with parmixing ratios 1.5 pptv) in the free troposphere, occasion-
ticular interest on investigating the distribution of halogen ally enhanced BrO mixing ratios<L.5 pptv) in the upper tro-
compounds (e.g., BrO) during the so-called ozone depletiorposphere, and increasing BrO mixing ratios with altitude in
events (ODEs). In the present work, a new method for thethe lowermost stratosphere. These findings agree reasonably
retrieval of vertical profiles of tropospheric trace gases fromwell with satellite and balloon-borne soundings of total and
tropospheric DOAS limb observations is presented. Majorpartial BrO atmospheric column densities.
challenges arise from modeling the radiative transfer in an
aerosol and cloud particle loaded atmosphere, and from over-
coming the lack of a priori knowledge of the targeted trace
gas vertical distribution (e.g., unknown tropospheric BrO 1 Introduction
vertical distribution). Here, those challenges are tackled by a
mathematical inversion of tropospheric trace gas profiles usThe Differential Optical Absorption Spectroscopy (DOAS)
ing a regularization approach constrained by a retrieved veris a well known and established atmospheric measurement
tical profile of the aerosols extinction coefficiefit;. The  technique Platt and Stutz2008. In many applications us-
validity and limitations of the algorithm are tested with in ing scattered skylight, the main challenge of the remote sens-
situ measured v, and with an absorber of known vertical ing DOAS method lies in retrieving trace gas concentra-
profile (Os). The method is then used for retrieving vertical tions from the measured differential slant column densities
(dSCDs). Trace gas concentrations are inferred by consecu-
tively probing the air masses at different viewing geometries,
Correspondence tcC. Prados-Roman  and a subsequent mathematical inversion of the whole set of
BY (cristina.prados@iup.uni-heidelberg.de) opservations (e.gRodgers2000. In the best case scenario,
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the sampling is arranged so that the pieces of independer®XO, HOX, XONG,, XNO2, with X, Y as |, Br and Cl)
information on the multi-dimensional (spatial and temporal) are known to be key species, e.g., for the oxidation ca-
distribution of the targeted species is maximized. In practicepacity of the troposphere and for the lifetime limitation of
however, the degrees of freedom are often limited since thether species such agzHOy (= H+ OH+ HG,), NOk (=
changing viewing geometries are predetermined by moveNO+ NGy), hydrocarbons and dimethylsulfide. RHC are also
ments of the light source (e.g., by celestial light sources),known to be involved in new particle formation (by iodine
by displacements of the instrument platform (ships, aircraftscompounds, e.gQ’Dowd et al, 2002. Moreover, RHC are
balloons, satellites, etc), by the change of the viewing direcrelated to atmospheric mercury depletion events that even-
tion of the light receiving telescope, or by a combination of tually scavenge Hg by snow and particles, and deposition
all of the above. Gathering the information often requiresof bio-accumulative mercury to the polar ecosystems (e.g.,
sampling over a large spatial or temporal domain of the at-Steffen et al.2008. Also characteristic (but not unique) of
mosphere, in which the radiative transfer (RT) may changepolar regions are the ozone depletion events (ODES) occur-
considerably as well. The need of dealing with these obserfing in the BL in the polar sunrise. These ODEs are linked to
vational limitations correctly, and of accounting for the atmo- halogen activation in auto-catalytic cycles involving sea-salt
spheric RT of each individual measurement properly, defineserosols (e.g., Br), and take place over areas covered by
a rather complicated (and in general ill-posed) mathematicafirst-year sea ice (e.gSimpson et aJ.2007 and references
inversion problem. Different strategies have been developedherein). While the horizontal extent of the BrO associated
to solve these ill-posed inversion problems (eRpdgers  with young sea ice is fairly well captured by total column
2000. This paper reports on aircraft-borne limb observa- satellite measurements (eRjchter et al. 1998 Wagner and
tions of important trace gases (e.g., tropospheric BrO) mon-Platt 1998 Wagner et a].2001 Theys et al.2011), the BrO
itored in a heterogeneously scattering atmosphere (the Arctropospheric and stratospheric budget is a current issue of
tic spring troposphere). Herein, a dedicated method for thediscussion (e.gSalawitch et al.2010. In fact a more de-
profile retrieval of trace gases constrained by means of meatailed understanding of the distribution of bromine monoxide
sured relative radiances is introduced and validated. In a simin the troposphere is missing today. This lack of tropospheric
ilar way as in the recently published work \éfemmix et al. BrO vertical profile climatology during the polar spring is the
(2010, the observed (relative) radiances are used to describmotivation for the development of the retrieval method pre-
the scattering processes in the atmosphere during the timgented herein.

of the measurements. Unlikélemmix et al. (2010, here The paper is structured in four main sections. In SBct.
not only the total aerosol optical thickness is inferred, buta|| elements of the retrieval algorithm are introduced and
also the vertical profiles of the extinction coefficiedtf)  described. This includes brief descriptions of (1) the mini-
of aerosol and cloud particles (from now on referred to aspOAS instrument, (2) the measurement technique and the
“‘aerosols”). The targeted trace gas profile inversion, con-spectral analysis, and (3) the applied inversion methods, i.e.,
strained by the retrieved aerosdly, is then addressed with  the characterization of scattering events present in the atmo-
a regularization approach using no a priori knowledge of itssphere via a non-linear inversion of the vertical profile of the
vertical distribution (e.g Phillips, 1962 Rodgers2000. &, and the regularization of the targeted trace gas vertical
The validity of the novel algorithm is demonstrated for de- profile. Sectior8 addresses (1) the rigor of the assumptions
ployments of an optical spectrometer (a mini-DOAS instru- needed for the RT modeling, (2) the validation and sensitiv-
ment) on the DLR-Falcon aircraft during the ASTAR 2007 jty of our method to retrievé \ vertical profiles, and (3) the
campaign. Within the framework of the International Po- robustness and sensitivity of the profile regularization of tro-
lar Year 2007/2008, and as part of the POLARCAT project pospheric trace gases, tested with the absorber of known ver-
(“Polar Study using Aircraft, Remote Sensing, Surface Mea-tical distribution in the troposphere,q0,—0O, collisional
surements and Models, of Climate, Chemistry, Aerosols, andjimer, e.g. Pfeilsticker et al.2001). Section4 presents the
Transport”), the ASTAR 2007 campaign aimed at investiga-inferred BrO mixing ratio vertical profiles, compares them to
tions during the Arctic haze season (e@uinn etal,2007).  other in situ measured trace gases,(00) and to total BrO
The campaign was based on Spitsbergefl [78L8° E) and  column densities measured by satellite, and discusses the re

took place during March and April 2007. During this field sylts. Finally, Sects summarizes and concludes the study.
campaign, target trace gases to be detected from the bound-

ary layer (BL) up to the upper troposphere/lowermost strato-

sphere (UT/LS) with the mini-DOAS instrument werg,O

NO,, BrO, OCIO, 10, Ol0, HONO, H,0,, CH,0, H,0 2 Method

and Q. Since recent studies point out the relevance of halo-

gens for the tropospheric photochemistry (e/gn Glasow  This section introduces the mini-DOAS instrument deployed
and Crutzen2003, this work primarily focuses on the de- during the ASTAR 2007 campaign, the measurements, the
tection and retrieval of bromine monoxide (BrO). Indeed, spectral analysis and the tropospheric profile retrieval. Fur-
reactive halogen compounds (i.e., RHK, XO, X2, XY, thermore, the theory behind the retrieval algorithm (i.e, the
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nonlinear inversion of thé€ 4 vertical profile and the regu- 2.2 Measurement technique and spectral analysis
larization of the trace gas profile) is described.

During the ASTAR 2007 campaign two sorties, performed
2.1 Instrument on 1 and 8 April 2007, were specially devoted to probe the

Arctic atmosphere for halogen activation (e.g., BrO detec-
The present mini-DOAS instrument uses scattered sunlighfion) and the development of ODEs over sea ice regions (see
measured in limb mode, i.e. skylight received from the hori- Fig 1a). Here, based on the ozone measurements performed
zon for the detection of trace gases such gsKIOz, BrO,  py in sjtu instrumentation, the threshold of an ODE situation
OCIO, 10, 0I0, HONO, GH,02, CH0, H20 and Q. The s 45 ppby (e.g Ridley et al, 2003,
technique has been developed by the Institute of Environ- Thiswork focuses on the detection of @rO and the sky-
mental Physics at the University of Heidelberg (IUP-HD), |ight radiances by aircraft-borne limb measurements. In or-
and validated via many stratospheric balloon flights duringger to render the treatment of the RT simple, we concentrate
the past several years (e.gveidner et al. 2005 Kritten et o gpservations performed during passages with low-cloud
al, 2010. . _ . coverage. These passages were selectively chosen based on

The novel mini-DOAS instrument deployed during (1) the inspection of a video recorded with digital camera

the ASTAR 2007 campaign consists of a housing withjnstalled on the Falcon aircraft looking on the direction of
two Ocean Optics spectrometers (QE65000/USB2000 fokpe flight, (2) cloud and aerosol in situ measurements and
UV/vis) for the detection of skylight in the spectral range (3) the measured signal-to-noise ratio of the instrument (de-
of 320-550nm. In order to assure optical stability, the spec,jls given in the work oPrados-Romar2010. From those
trometers housing is evacuated, vacuum-sealed and tempagyy.-cloud coverage scenarios, one ascent performed during
ature stabilized. The QE65000 and USB2000 spectromyne g April sortie is exemplary selected for the validation of
eters used have spectral resolutions (FWHM) of 0.4nMine retrieval algorithm presented in this work. This passage
(4.75 pixels) and 0.7 nm (6.2 pixels), respectively. The Sma”(marked by the box in Figl) started at around 14:30 UT,
size (483<400><270mm°’), weight (25kg) and power con-  hile flying over sea ice a+-81°N and 7 E, with north-
sumption (14 W) make this mini-DOAS a versatile INStru- \vesterly ground winds of 6 nt<. During the approximately
ment for many measurement platforms. Indeed, since th&o min of the ascent, the aircraft climbed from around 50 m

instrument was built in 2007, the specific instrument hasof aititude up to 10.5 km, thus probing the Arctic atmosphere
been deployed on the Falcon aircraft, on balloon gondolagrom the BL up to the UT/LS.

(MIPAS, LPMA/DOAS and SALOMON), and on manned e pOAS method is applied for the spectral retrieval of
(Geophysica) and in future unmanned (Global Hawk) high-o, and Bro (see Figlc,d) after all the spectra are corrected
altitude aircrafts. In the case of the Falcon aircraft deploy-¢o, electronic dark current and offset, and all the trace gas
ment, the two spectrometers, the stepper-motor controllefeyoss_sections are convolved to the spectral resolution of
the computer and the display are integrated into a 19-inChyyr instrument. Using the WinDOAS softwaialyt and Van
rack |nS|d_e of_the pressurl_zed cabin. Two fiber bundles (forRoozendaeIZOOJ), the measured spectra are analyzed with
the UV/vis) directed the light from the two telescopes 10 regpect to a spectrum measured when the aircraft entered the
the spectrometers. The two telescopes are mounted on tWog gt around 15:10 UT (referred to as reference or Fraun-
stepper-motors located in an aluminum air-tight window with 1,5sar spectrum irPlatt and Stutz2008. As a result, the
two slits in the left side of the aircraft, exposed to the sky- gjferential slant column densitied $CD$ can be inferred.
light with a field-of-view of 0.19 in the vertical and 21 The retrieval of the BrO dSCDs presented in Fig.is

in the horizontal. During the ASTAR 2007 campaign, both pa5eq on the study édiwell et al. (2002. Sensitivity studies

telescopes (for the UV/vis channels) were fixed parallel 10 rformed with the temperature dependent BrO absorption
the ground so the viewing geometry of our measurements,yss_section (i.e., foF =298 K and 228 KWilmouth et al,

could be directly linked to the aircraft attitude (the elevation 1999 show non-negligible influence of the temperature on
angle of the telescopes is given by the roll angle of the airq retrieved Bro dSCDs in the BL. Indeed, within the BL,

craft). In particular, the data referred to in this work are ex- iho Bro dSCDs retrieved considering the BrO cross-section
clusively related to the measurements collected by the UV 5905 k differ by ca. 20% from the BrO dSCDs retrieved

channel (320-402nm), with a temporal resolutiond0s,  ging the BrO cross-section at 298 K. In order to take into

depending on sampling conditions. For further details on the, o nt the temperature dependence of the retrieved BrO

mini-DOAS instrument (e.g., signal—-to-noise ratio and de-yscps, and considering that our measurements in the BL

f[ect_lon limit) and on the ASTAR 2007 campaign, the reader . performed at a temperaturea260 K, the measurement

is kindly referred to the work oPrados-Roma(2010). vector (see Sec?.3.2 given in the trace gas profile inversion
consists of an average of the BrO dSCDs retrieved at 228K,
and those retrieved at 298 K. Noteworthy is that the tem-
perature dependency of the retrieved BrO dSCDs becomes
imperceptible in the UT/LS since the BrO dSCDs retrieved

www.atmos-meas-tech.net/4/1241/2011/ Atmos. Meas. Tech., 4, 1280-2011



1244 C. Prados-Roman et al.: Aircraft-borne DOAS limb measurements

12 T T T 5 T T T 1
i@ . - () , 10
/111 Flight profile oY /11l Flight profile
10 [] Selected ascent L4 | [] Selected ascent o -
94 O, (DLR) ’_g y —— Rad. (349 nm) -8 &
84 > ODEs g Rad. (353 nm) [, 5
< 7] -3 Rad. (360.8 nm) 8
= o F6%
o 61 o L5 =
o 5 b1 %]
2 ; 28 L4 8
= 4] /) o) <
34 ‘_ § _3§
| : | | | i E"’ 2
, { ¢ ) -1
0 t +0
. 10 " " 3.5
] o L@
10] [ 1'1'/ Flight profile &= /111 Flight profile 3.0
[1 Selected ascent -8 g L[] Selected ascent L
BrO [, (i:. 25
g R
6" b 202
5 2 =
A ©
F1.5 «
L4 8 o
F3 % 1.0
o
‘ (2@ [
. p 0.5
g% L1
; ITI 27 S S 20080 ., | 0.0
13:00 : 16:00 13:00 14:00 15:00 16:00
UT (LT-2h) UT (LT-2h)

Fig. 1. Measurement flight on 8 April 2007 (72—8BZA). Panel(a) shows the @ mixing ratios measured in situ with an UV absorption
photometer (DLR). Flight sections within the Arctic BL with ODEs are indicated by arrows. Pérje{sl) show, resp., the radiances at
different wavelengths, the BrO dSCDs and thed® measured with the UV channel of the mini-DOAS instrument. The tropospheric vertical
profiles of the aerosol§( and of the trace gases presented in this work are retrieved from data measured during the aircraft ascent starting
at around 14:30 UT (box).

at 228K fall within the error margins of the BrO dSCD re- and 296 K, the @ peak collision pair absorption cross-
trieved at 298 K. section ¢-Keq) has a value of 4x10746cmP molec?,

The UV spectral retrieval of @is performed in the 346— known with an accuracy of around 10 % (e @reenblatt et
366 nm wavelength interval using thes @ross-section of al., 199Q Pfeilsticker et al.2001).
Hermans(2002. The interfering species i.e.ztat 221K Skylight radiances are analyzed at 349 nm (peak cross-
(Burrows et al, 1999, NO, at 220K {fandaele et al199§  section of BrO absorption band), at 360.8 nm (peak cross-
and BrO at 228 K\ilmouth et al, 1999 are also included in  section of Q absorption band), and at 353 nm (negligible
the Q fitting procedure. Results are shown in Fid. Inthis O, and BrO absorption) aiming at the aerosol retrieval (see
work the Q; absorption is used for probing the characteriza- Sects2.3.1and3.2). These radiances are shown in Fib.
tion of the light path in the forward RT model (see S&2B).  Throughout this work the aerosol retrieval is performed at
In addition, Q is also used for the self-validation of our trace 353 nm including also the rather small wavelength depen-
gas vertical profile retrieval (see Fig.3). Since the vertical  dency (around 5 %) in the spectral range of 349-360.8 nm.
distribution of Q is related to the (squared) oxygen number
density [Q], O4 differential optical densitieslt=c-dSCD) 2.3 profile retrieval
can be derived from the atmospheric temperature and pres-

sure. The Q absorption cross-section is temperature depen-rg retrieval of trace gas vertical profiles requires awareness
dent and its absolute value is not known up to d&®il- ot the apsorption of the compound, as well as of the light
sticker gt al,.'200]). The Q extinction coefficient§o,) pre- path. Since the considered trace gases are optically thin ab-
sented in this work is calculated as sorbers (e.g., BrO), they should not substantially affect the
0, =0 (T) x [04]=0 x Keq(T) x [0,]2 1) RT in the considered spectral ranges. Thus, the trace gas
retrieval is performed in a two-step process as detailed in
whereKeqis the equilibrium constant of £and, at 360.5nm  Fig. 2. First, the influence of Rayleigh and Mie scattering

Atmos. Meas. Tech., 4, 124126Q 2011 www.atmos-meas-tech.net/4/1241/2011/



C. Prados-Roman et al.: Aircraft-borne DOAS limb measurements 1245

1Y) Characterization of scattering processes affecting the light path a similar approach sédlemmix et al, 2010 Since the re-
Observation geometry attitude data trieved& ¢ profile is included in the forward RT calculations
(LAT, LONG, altitude, SZA, roll angle, ...) of the targeted trace gas profile retrieval, the chosen wave-
length for theE 4 study isA=353 nm (no major trace gas
absorption, i.e., optical density smaller than several 0.001).

Rel. Radiances

measured

Nonlinear inversion

K=(iRel. Rad./ dx), . ) : 8 ;
\;fgéclzl Logarithmic radiance ratios are modeled by a RT model
27) Trace gas inversion Forward dSCD,, 1.4 capable of simulating Sun normalized radiances, thus avoid-

Observation geometry attitude data Ing any absolute Ca“bratlng faCt@(‘)»):

A (LAT, LONG, altitude, SZA. roll angle, ...) . . .
\ e y =In< Li() )=|n< ML) )=|n< LY ) @
Vertical profile Lyef(2) c(M) Iref(2) Irei(2)

K=(3dSCD/ ) )
where L represents the measured radiances, corrected for

T e T €y

Linear inversion TRACE GAS . . -
Phillips-Tikhonov reg. electronic dark current and offset. The subindex i and ref

iForward dSCD, (cunvemethod) 4] concentration stand for a certain geometry index and for the reference ge-
ometry, respectively.
Fig. 2. Summary of the retrieval method in a two-step pro- The RT model used throughout this work is the fully
cess: (1) inversion of the vertical distribution of the aerosols ex-spherical model McArtim (“Monte Carlo Atmospheric Ra-
tinction coefficient affecting the RTE(y¢), and (2) inversion of the  diative Transfer Inversion Model’Deutschmann 2008
vertical profile concentration of the trace gas. Sensitivity studies ofpeutschmann et al2011). Here, the atmospheric RT in
each step are performed via RT forward modeling (dashed arrowskhe trye 3-D atmosphere is simulated in a 1-D modeled at-
mosphere divided in concentric spherical cells (i.e., vertical
grid). The atmospheric conditions in each vertical layer are
affecting the RT during the observations is studied by mea-3ssumed to remain unaltered and horizontally homogeneous
suring and modeling Sun normalized radiances at a giveRor the time of the measurements. Limitations of this as-
wavelength (SecR.3.]). If Mie scattering is found to dom- sumption are addressed in Sett.
inate then, via non-linear inversion from relative radiance The cost function of the relative radiances is given by
measurements, a vertical profile of the aerosol’'s extinction
coefficient € p¢) is retrieved on a certain vertical grid. Once x%= ‘
the effective light path lengths in the respective layers are Tl
modeled with the RT model, the inversion of the targeted = (¥~ Fx,0)" S (y —F(x,b)) ®)

trace gas vertical profile from measured dSCDs is performeqyhere the state vectaris the& ¢ vertical profile. In Eq. ),
using the Phillips-Tikhonov approach (Se213.2 including  the measurement vectgris given by the measured Sun nor-
the formerly retrieved'r profile as a forward parameter in - malized radiances, anBl(x,b) by the simulated Sun nor-
the RT calculations. malized radiances vector, wheberepresents the auxiliary
parameters that will not be retrieved (atmospheric pressure,
2.3.1 Characterization of scattering events: non-linear  ground albedo, etc.). The relative error of the measured radi-
inversion of the aerosol’s extinction coefficient ancesL is chosen as 4 % in order to account for systematic
vertical profile RT uncertainties such as the Ring effect (d.andgraf et al.
2004 Langford et al, 2007 Wagner et al.20093, the used
A key step of our trace gas retrieval is to infer the light path trace gas cross-sections, etc. The diagonal covariance matrix
associated with each of our measurements, and the poss§. contains the squared error of the normalized radiapces
ble absorption and scattering events influencing our obserealculated through error propagation.
vations. In order to determine the effective light path in our Equation 8) is minimized following a standard
simplified 1-D atmosphere, a vertical profile of thgs of  Levenberg-Marquardt approach, assuring therefore the
aerosols (combination of cloud particles and aerosols) is reconvergence of 2 (e.g.,Levenberg1944 Marquardf 1963
trieved. Press et al.1986 Rodgers 2000. In our case, based on
For the retrieval of the vertical distribution of aerosols in e.g. Press et al(1986), the convergence criteria is fulfilled
combination with the DOAS technique, the so called;“O when (1) x2 falls into a valley (a decrease of more than
method” is commonly used (e.gNagner et al.2004 Friess 60 %), (2) the relative decrease pf between consecutive
et al, 2006. Disadvantages of this method are, however, theiterations is less than 10%, and (3) the step-size is small
restriction to the absorption bands of @nd, more impor-  (a drastic increase of the damping parameter suggests a
tant, the decreasing sensitivity of the method with altitudestrong correction to a small pivot). The vertical profile of
(e.g., Q scale heighlt4km). In order to overcome these the&y, inferred through this method serves to constrain the
limitations, our aerosol retrieval approach is not based gn O inversion of tropospheric trace gas vertical profiles detailed
but on logarithmic radiance ratios at a given wavelength (forin the next section.

S (y—F b))
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2.3.2 Trace gas inversion: the regularization method the most realistic retrieved profile. Although analytical for-
mulas have been suggested where some a priori knowledge
The optimal estimation using a priori information of the tar- (x, and S,) is recommended (e.gGeccherinj 2005, one
geted trace gas is an inversion technique commonly applieéf the approaches most widely used to determinis the
for the profile retrieval of trace gaseRddgers2000. Nev- | -curve methode.g.,Hansen 1992 Steck 2002. In this
ertheless, if the a priori covarian@ of the targeted trace work, « is defined by the graphical approach of the L-curve,
gas concentration is not known, or if there is no knowledge Ofcross_checked with the numerical approach of the maximum
the a priori profilexa (e.g., unknown vertical distribution of  curvature (e.g.Hansen2007. The goal is indeed to keep
BrO in the troposphere), the regularization method is @ morey balance between the applied constraint, and the informa-

appropriate approach for the retrieval of trace gas profilesion content provided by the averaging kernel matrix given
(e.g.,Hasekamp and Landgra200]). Following the nota-  py

tion given inRodgerg2000, generally in the regularization Fet T

method the inverse of the a priori covariar®g" is replaced A= (K" Sc"K+R)™" K" S7K )
by a_smofotr:ung opera]\j:R. ;he o#tput IS thzn g srlnootheld Following the notation irRodgerg2000), if there is no null-
version of the true profile where the retrieved absolute valueg, , .o o | then the aimed profil§ is in fact the regularized

are not compromised. oA . A
X o . profile Xreg from Eq. @). Thus, the retrieved profiletfeg)

C_)ne of .the most widely useq .regularlzat]on methods is theiS the sum of the true profile smoothed by the averaging ker-
P.h|II|ps-T|khonov approackP(hthg 1962 Tikhonov, 1963 nel matrix and the measurement error, igg=Ax+e (€.9.,
'I_'|khonov ar?d_Afse”'mg??)- In this method the cost func- Hasekamp and Landgra&2001). The quality of the retrieval
tion to be minimized reads is therefore described by the difference between the retrieved
‘ S;l/Z(y — F(x,b)) H2+a ILx| ) state and the true state@¢dgers2000:

where y € R represents the measurement vector &ad
its covariance matrix. In this case the measurement vecwhereenoiserepresents the retrieval noise. On the other hand,
tor consists of the dSCDs inferred after the DOAS routine e, symbolizes the error in the forward mod@(x, b). This
(see Sect2.2). Since the residual after our spectral retrieval error comprises the errors in the forward model approxima-
presents no systematic structures, no systematic errors in thfn, and the uncertainties of each of the forward model pa-
spectral retrieval are considered (e$futz and Plajtl99§.  rameters$. As demonstrated through its validation with mea-
Thus the diagonal 0% is built considering the squared of surements and other RT modeBeutschmann et al2011),

one standard deviation of the DOAS fit error, and the off- the McArtim RT model provides a fair representation of the
diagonal elements of. are set to zero. The expression true atmosphere. Thus, the errors in the forward model ap-
F(x,b) in Eq. (4) stands for the RT forward model that es- proximation are assumed negligible. In the followirgy
timates the effective light path through the atmosphere forstands for the error in each of the forward model parameters.
each viewing geometry, and therefore provides the modeledrhis e, is not straight forward to calculate if the true state
dSCDs. The true state (the true vertical profile of the traceis unknown, or if the sensitivity of the RT forward model
gas) is given by € %", andb are the auxiliary parameters to b (i.e.,Kp=2%) is non linear (e.g., ib is the& 4 profile).

that will not be retrieved (trace gas absorption cross-sectionsThe e, can in fact be understood as a light path miscalcu-
atmospheric pressuré,, profile, etc.). In Eq.4), L is the lation and, as shown in the following sections, should not
constraint operator which, in our case, is a discrete approxipe neglected when simplifying a 3-D (plus time) atmosphere
mation to the first derivative operator (e.§teck 2002, and into 1-D. Indeed, as recently arguedligitdo et al.(2010

« is the regularization parameter giving the strength of theandViemmix et al.(2010), the trace gas retrieval can be im-
constraint. Therefore, R=aL L is the the smoothing op-  proved (its error decreased) if the uncertainty of each forward
erator, the dSCDs cost function to be minimized is model parameter is minimized.

xAreg—Ax = €noiset efrw (8

(y—F(x,0))" ScH(y— F(x,b)) +x" Rx — min (5)
3 Test of the algorithm of the tropospheric trace gas

The state vector minimizing Egb)is given by profile retrieval

S Te-1 1 Ta-1
¥reg = (KT STKAR) RSy © In this section the different retrieval steps (see B)aare ap-
whereK efi”*" is the Jacobian matrix giving the sensitiv- plied for measurements performed during the aircraft ascent
ity of the (simulated) measurements to the true stége ( indicated with a box in Figl (starting at 14:30 UT). In ad-
e.g. Deutschmann et al2011), therefore providing an in-  dition, limitations and error sources of the algorithm are an-
sight into the light path. alyzed. Sectio3.1studies the error contribution of different
One of the main challenges of the regularization methodforward parameters to the RT model, while Sec8.2 fo-
is to determine which regularization parameteprovides  cuses on the aerosé) profile retrieval. Once an effective
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aerosok y vertical profile is inferred and included in the RT inspection, a surface albedo of 79 % with an uncertainty of
model, the trace gas profile inversion is validated by compar20 % is considered.
ison of regularized and calculated @s shown in Sec8.3.

3.2 Study of the vertical profile retrieval of the aerosol

3.1 Analysis of the forward parameters for the radiative extinction coefficient

transfer modelin
g Key parameters for the tropospheric RT are the abundance

Optical remote sensing of atmospheric parameters is ofter?f aerosol and cloud particles. In general, images from the

hindered by the complexity of the RT in the troposphere. |ncamera co_nflrmed the (radiative) complexny of the a_tmo-
. . . sphere during the ASTAR 2007 campaign. Large horizon-
fact, one of the reasons for selecting the particular aircra

ascent for a more detailed study is the fact that it appears ag | surface albedo gradients and/or heterogeneous cloud and

the simplest RT scenario from the whole flight. particle Iaygrs were pres_sent during mOSt. OT th? campaign,
. ) . thus, potentially introducing large uncertainties into the RT.

Noteworthy is that, since RT input data may largely suf- | tact, sensitivity studies show that, for the particular pas-

fer from the improper knowledge of their 3-D distribution, sage of the 8 April deployment studied herein, the aerosol
here the RT modeling and the inferred quantities (relative ra ' uncertainty could contribute with more than 40 % of the

diances and't) are regarded as an approximation for a moregnvard model parameter error (see Fy.right). Accord-

complex reality. Since no further means are available to "®ingly, the most challenging parameter to define for the RT

construct the latter, sensitivity studies are undertaken in 0r;,54el of each case study appears to be the aerosol and cloud

der to learn more how uncertainties in the assumptions MaYarticles.

propagate into the final result. A summary of the aerosol number densities measured by
In this work some of the important parameters for the RT the in sijtu instruments in the course of the 8 April 2007

modeling are (a) taken from in situ instruments deployed onsortie is presented in Figt. During that flight, the haze

the aircraft, (b) estimated, and (c) inferred from our measurewas not dense in the Arctic atmosphere. However, different

ments (i.e., aerosols extinction coefficiéhy). This section  aerosol layers were sampled. In situ measurements showed

details () and (b) RT forward parameters, while Sé@fo- that some pollution (particles and $fQvas contained in the
cuses on (c) and the aerosol optical properties affecting thg which, in general, was characterized by relatively high
RT. relative humidity (causing some haze particles, and occasion-

(a) Physical properties of the atmosphere such as the tenally some clouds). Another thin pollution layer was observed
perature, pressure, humidity are taken from data collectedt 4.5 km altitude, but only during part of the flight segment
by the Falcon aircraft basic instrumentationg @ixing ra-  just before the ascent sequence started. In the UT/LS, en-
tios were measured by the in situ UV absorption photometethanced aerosol concentrations were also observed (at around
(DLR) also on board the Falcon aircraft. Since in the consid-15:15 UT). This layer appeared during aircraft ascent and de-
ered wavelength ranges;Qs only weakly absorbing, spatial scent at different altitudes (8 and 9.5 km), suggesting its spa-
variations of the @concentration may only weakly influence tial heterogeneity.
the RT and thus are not further considered. The video of the selected passage of the 8 April sortie

(b) The aircraft ascent considered here began aNg1 shows an overall cloud free atmosphere, and a fairly good
7° E (14:30 UT), flying over sea ice. Sensitivity studies (seeVisibility. However, some aerosol layers were crossed as re-
Fig. 3, left) indicate that uncertainties of the ground albedo ported by two aerosol spectrometer probes deployed by DLR
can lead to a rather large relative errer30 %) in the RT ~ on the Falcon aircraft. These probes were a Passive Cavity
forward model. However, in this work the ground albedo Aerosol Spectrometer Probe (PCASP-100X which detected
is inferred with the assistance of an albedometer measureaerosols in a size range ©0.15-1 um), and a Forward Scat-
ment platform and of the video of the digital camera. The tering Spectrometer Probe (FSSP-300, which monitored the
albedometer was aboard the AWI Dornier-228 Polar 2 air-aerosols and cloud particle in the size range4—-20 um).
craft that was also deployed during the ASTAR 2007 cam- The aerosol optical properties affecting the RT at a given
paign, and performed measurements of the albedo of sea icejavelength are the phase function (characterized by an
snow and open wateEfrlich, 2009. Measurements from asymmetry parametey), the single scattering albedar§)
the albedometer reported a sea ice albedo of 79% in thand the extinction coefficien€(,). Aiming for a qualita-
UV-A spectral range. In addition, visual inspection of the tive comparison, a vertical profile of tisg,4 is inferred from
recorded movie assisted us to improve our knowledge of th€1) our optical remote sensing measurements (referred to as
(radiative) ground conditions. As shown in the movie, dur- IUP-HD &), and (2) the in situ measured aerosol data (re-
ing the 30 min of the aircraft ascent, the Falcon flew most offerred to as DLRE y¢). Details for each retrieval case are as
the time over closed sea ice, but also over some leads coveollows:
ered by thin ice, and snow covered glacier. Hence, for the (1) Proceeding as detailed in Se2t3.1, IUP-HD & is
RT model of this passage and based on the Falcon’s videinferred from the (relative) radiances at 353 nm measured
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Fig. 3. Influence of forward parameters in the RT model of a known trace ggs (@ft: influence of the ground albedo, comparing the
forward modeled @ dr if a ground albedo of 5% (ocean) and 90 % (snow) are considered in the forward RT model. Right: influence
of the £, vertical profile, comparing a Rayleigh atmosphere with a rather strong haze situéfjpa@.1 km~1) throughout the whole
troposphere (79 % ground albedo).

during the ascent starting at 14:30 UT. Aerosol optical pa-refractive index and particle sphericity, which are probably
rameters considered for that retrieval are the phase funcsmaller than the variability of atmospheric conditions during
tion, herein simplified as Henyey-Greensteinldefiyey-  the flight. These uncertainties are not further discussed since
Greenstein 1941 with g=0.7, and@p=99%. These as- this exercise only aims for a qualitative comparison of IUP-
sumptions are based on measurements of microphysical andD £, and DLRE v.

radiative aerosol properties performed during the ASTAR |nferred&, vertical profiles (1) and (2a—c) are compared
2007 (e.g.Ehrlich et al, 2008 Lampert et al.2009). in Fig. 5, where the vertical resolution of the in situ data has

(2) The DLR £, from the PCASP-100X and FSSP- been adopted to the rather coarse resolution of the RT model.

300 measurements is determined during a humber of con'-AS seen in Fig5, IUP-HD £, tends to a rather clean sce-
stant level flight legs (e.gWeinzierl et al, 2009. For nario above the first 500 m up to the UT/LS. In fact, below

) . i S ’ km alti IUP-HD in n aerosol | ven
this, averaged particle size distributions are derived assumf-3 altitude, U € points to an aerosol load eve

. o . lower than the “cleanest” in situ measured values.
ing a refractive index of an aged ammonium sulfate type | d . . likel for th diff
of aerosol. In addition, absorption by particles in the tro- n order to Investigate likely causes for these diferences

pospheric aerosol column is assumed to be negligible (i.e."’,‘nd their consequences for the 14:30 B mferred_pro-
1.54+0.0 is assumed). The scattering (extinction) coeffi- files (see Figb), sensitivity tests are performed for different
cient is then determined using a Mie model assuming Spherparameters. N .

ical particles. A complete time series (or vertical profile) ~ The most sensitive parameter for the RT in the BL appears
of scattering/extinction coefficients along the flight is con- t0 be the ground albedo. By analyzing Fagif a 20 % uncer-
structed from the aerosol surface area concentrations followt@inty of the ground albedo is assumed, the inferred IUP-HD
ing from the DLR probes measurements, using the averagéM vertlc_al profile shows an average_d 200 % relative errorin
ratio of scattering coefficient and surface area density in théhe very first layers of the BL (see pink shadow). Neverthe-
constant altitude flight legs. Three vertical profile scenar-'€SS, as seen in the figure, uncertainties in the ground albedo
ios are obtained: (a) a clean case scenario representing tif9 not cover the differences between béfly profiles.

lowest concentrations per altitude bin over the entire flight, Sensitivity studies indicate also that, for the selected spec-
(b) a case for the particular ascent profile flown at aroundtral range (349-360.8 nm), the inferrégy may only weakly
14:30 UT, and (c) a case scenario representing the few polludepend on wavelength (by less than 5 %).

tion layers found during the flight. In the DLRy, retrieval Assumptions regarding optical properties of the aerosol
major uncertainties are introduced with the assumptions oparticles may also cause the differences. The IUPEHR
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Fig. 5. Vertical profiles of remotely sensed and in situ measured
(DLR) aerosol extinction coefficienty 4 (8 April 2007 sortie). In red, the
IUP-HD &4 retrieved at 353 nm from measurements performed
Fig. 4. Vertical profile of coarse mode aerosol number densities (forduring the ascent at 14:30 UT is presented (79 % ground albedo,
different particles) measured in situ during the entire 8 April 2007 g=0.7). The pink shadow covers wavelength (349-360.8 nm) and
flight excluding the first and last 20 min of flight close to Longyear- ground albedo uncertainties of IUP-HB),. The profiles de-
byen airport. rived (at 349 nm) from the in situ data correspond to the ascent at
14:30 UT (dark blue), and to a clean (cyan) and aerosol loaded case
scenario (dashed line) measured during the 8 April 2007 flight.

represents an effective extinction coefficient profile con-
strained to one single type of aerosol (optically described by
¢=0.7 andwp=99 %). Conversely, the in situ probes col- tailed remote sensed characterization of the aerosol optical
lect data from (optically) different aerosol types that likely properties could be performed, e.g., by an aerggglinver-
coexist in the atmosphere. The single scattering albedo consion not constrained to one type of aerosol, by taking into
sidered in both approaches differs in only 1%. Thugis account possible 3-D effects, by analyzing the rotational Ra-
not considered the optical parameter directing the differencesnan scattering (Ring effect, e.§Magner et al.2009h, and
between IUP-HD and DLR 4. On the other hand, sensi- by including the polarization of light in the algorithm (e.g.,
tivity studies (Fig6) indicate that modeling the relative radi- Emde et al.2010. Moreover, the retrieval of aerosols from
ances considering DLR 4 in the RT model, leads to a bet- measured relative radiances may also be combined with O
ter agreement with measurements if different values for theoptical density measurements to gather more information of
asymmetry parameter are allowed at different altitudes. the optical properties of aerosols in the lower troposphere.
Bearing all these considerations in mind, a quantita-Nevertheless the information content limits the retrieval and,
tive comparison of the profiles inferred from both ap- therefore, such a detailed characterization of aerosols is out
proaches should be regarded with caution. Furthermore, thef the scope of this work.
uncertainties afore mentioned may also indicate the restric- Since a self-consistent treatment of the RT is required
tion of our aerosol inversion. If the retrieval was not limited throughout each of the steps of the retrieval algorithm, &ig.
by the information content of the measurements, a more dealso indicates the limitation of using DLEBy, as a RT
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Fig. 6. (Left) Sun normalized radiances measured and modeled during the 14:30 UT ascent (the dotted line represents the flight track).
Measured radiances (at 353 nm) are shown in black. At 353 nm and 79 % ground albedo, radiances are modeled considerifg, gdifferent
(refer to Fig.5) and asymmetry parameter scenarios. Red: IUP&R with g=0.7. Blue: DLRE ) with g=0.7. Green: DLRE y4

with variableg. Error bars of all modeled radiances include their wavelength dependency (349-360.8 nm). In addition, a ground albedo
uncertainty of 20 % is considered for the DLR radiances. (Right) Profiles of the aerosol asymmetry parameter considered for the RT studies
(g within the range of 0.6-0.85 as reported for the Arctic, d.gmpert et al.2009.

forward parameter for the inversion of the trace gas profiles Following Eq. 6) and using the L-curve criterion to de-

(see also Fig7, center). Hence, the inferred IUP-HD\4 fine the regularization parameter(see Sect2.3), the in-

profile (constrained to a constagtand o) should be re-  version of the @ extinction coefficient {o,) vertical pro-

garded as an effective 1-D aerosol extinction profile describ{ile constrained by the inferred IUP-HB\ vertical profile

ing the Mie scattering processes in the 1-D atmosphere. ThéFig. 5) is performed. Figur& characterizes thép, pro-

quality of the characterization of the RT with this approach file retrieval at 360.8 nm. As shown by its kernel matfix

is validated in the following section. (Fig. 7, left), roughly 8 degrees of freedom are obtained in

the retrieval ofxreg. SinceA gives the sensitivity of the re-

3.3 Self-consistency of the retrieval of the tropospheric  trieved profile to the true state, an averaging kernel smaller

trace gas vertical profile: Oy regularization than unity indicates the limitation of the measurements to

. provide fully independent information of the true state

One of the first steps in our trace gas retrieval method istherefore, the effective null-space contribution is not neg-
to choose an atmospheric vertical grid that fits the informa-ji;ipje Sincexeg=Ax-+error and the trueo, state f) is
. — 4

tion content of the measurements. Considering the speed Qfjen by Eq. 1), the retrieval error can be estimated. Fig-
the aircraft'and the .typical integratiqn times of our spectraure? (center) shows (blue),Ax (red) andieq (and covari-
(~105s) du_rlng the alrcr_aft ascent of interest (see _E)gd" ance, black) for the retrieval of thes@xtinction coefficient
verse studies on the altitude grid and the information contenbrof”e using the aerosol IUP-HB) as a forward parameter
of the measurements suggest that a finer grid than the ong, the RT model. For comparative purposes, Figcenter)
used i.n this work (11 Iayer§) do_e_s not imprgve the retrieval 3155 shows (in green) the regularizés), profile constrained
but might, however, result in misinterpretation of the mea-,y, the e, , profile as inferred from aerosol concentrations in
gured data at a given layer (depending also on the regularizas, measured (in dark blue in Fi§). Figure7 (right) il-
tion strengthu). lustrates the relative error of th&, retrieval (constrained
by IUP-HD &, profile). In the troposphere (up to 8.5km),
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Fig. 7. Retrieval of the vertical distribution of the4®xtinction coefficient£o,). Left: Averaging kernels showing8 degrees of freedom.

Center: Thefp, true state is shown in blue (considering 10 % errdf)yp-Hp reg (in black) is the regularizedg, profile if the IUP-HD

& profile (see Figb) is included in the RT model (the error bars include the retrieval noise and the effect of uncertainties of the ground
albedo and the aerosol load). The contribution of the true state to the row space (IUP-HD reg) is shown in red. For comparison purposes,
XDLR req (in green) corresponds to the regularizgsg} profile if DLR £, (b) profile (in dark blue in Fig5) is included in the RT model.

Right: Relative error of the (IUP-HDJp, retrieval.

the retrieval of the€o, vertical profile shows a good agree- tios increase with altitude. As indicated by the averaging ker-
ment with the true state, with a maximum relative error of nels (Fig.8, left panel), the inferred BrO tropospheric profile
20 %. This error is mostly dominated by the error in the for- has roughly 10 degrees of freedom with an altitude resolution
ward RT model (i.e., coupling of ground albedo and aerosolof about 1 km.
load uncertainties), which can be understood as a miscalcu- Before the discussion can address further details of the in-
lation of the light path in a given layer. On the other hand, ferred BrO profile and inter-comparisons with other studies
in regions where trace gas concentrations are close to the dean be made, specific aspects of our technique and potential
tection limit of the instrument (e.g., £On the UT/LS), the  implications for the inferred BrO need to be discussed.
retrieval noise (the measurement error) dominates the total Since there is a very small contribution of the true state to
error of the retrieval. the null-space (averaging kernels very close to unity through-
out the whole profile, Fig8, left), the regularized BrO pro-
file presented in black in Fig (right) is a reasonably good
4 Results and discussions but smoothed approximation of the BrO true state. In the
first 1.5 km of the BrO profile (see Fi§, right), the forward
Since in the previous sections the robustness and consisteneyodel RT error is estimated as 80% of the total (black) error,
of the retrieval algorithm is validated in inter-comparison and for the altitudes above, the measurement error dominates
with the Oy vertical profile, confidence is gained in the novel (70 %) the total BrO retrieval error. Also, the limited height
method to retrieve vertical profile distribution of trace gasesresolution of this aircraft-borne limb technique for trace gas
in the troposphere. Therefore we proceed to retrieve the tareetection — as indicated by the full width at half maximum of
geted vertical tropospheric profile of BrO in the Arctic spring the averaging kernels — suggests that details of the BrO pro-
(Fig. 8). Overall, the inferred BrO profile appears to be C- file shape within the first half kilometer of the BL are some-
shaped, having three distinct regions: the BL with high BrO what uncertain. This statement is particularly supported by
mixing ratios (around 15 pptv), the free troposphere withthe scattering due to particles that tend to radiatively smooth
BrO mixing ratios close to the detection limit{.5 pptv, av-  the profile shape in that region (Fig).
eraged in altitude), and the UT/LS where the BrO mixing ra-
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Fig. 8. Retrieval of the BrO vertical profile. Left: averaging kernel profile indicating 10 degrees of freedom. Right: BrO mixing ratio vertical
profile. The black error bars include the retrieval noise and the uncertainty in forward RT model parameters such as the aerosol load and the
ground albedo. The cyan error bars include biases in the error estimation if BrO horizontal gradients within each modeled atmospheric layer
were present during the time of the measurements. The dashed vertical line indicates the BrO detection limit.

Furthermore, since the aircraft ascent from near the ground hus, any small scale variability of the targeted trace gas ex-
into the UT/LS took roughly 30 min and covered a latitude- isting within that distance from the aircraft (depending on the
longitude distance corresponding to 250 km, the profile re-altitude), is in fact averaged in our observations. This averag-
trieval inherently condenses information gained from a 3-Ding may not limit the BrO profile retrieval in the free and up-
plus time measurement into a 1-D effective profile. Conse-per troposphere where a horizontal homogeneity is probably
guently, sensitivity studies are performed aiming to estimatgustified. Conversely, strong BrO horizontal gradients may
the horizontal sensitivity of the limb measurements duringexist in the BL. In order to study possible BrO horizontal
the aircraft ascent. For these studies a stratified atmospheigradients within the horizontal instrument sensitivity range,
is considered and, thus, the retrieved aerosols (IUPERD forward RT analyses are performed. These analyses suggest
are supposed to have a homogeneous horizontal distributionthat, within the first 600 m, the BrO mixing ratio allowing to
This assumption is believed to be valid for the passage ove(independently) reproduce the measured BrO dSCD may be
the high Arctic sea ice studied where, in the viewing direc- as large as 20 pptv (in cyan in Fig). More insight into the
tion of the mini-DOAS instrument, no open water (possible horizontal variability of boundary layer BrO mixing ratios
convection) was encountered. Main results from these senmay be gained by analyzing the observations during the low
sitivity studies are: (1) the mini-DOAS instrument collected level flight passage from 14:10 to 14:35 UT (refer to Hip.
scattered skylight from a volume of air that (horizontally) This will be investigated in a forthcoming study. Following
extended 10 to 40km from left side of the aircraft, (2) the with the forward RT analyses to study possible BrO hori-
Rayleigh scattering by air molecules dominates over parti-zontal gradients above the BL, between 1.2-3km, the BrO
cle scattering when the aircraft ascended from the BL up todSCDs measured may also be consistent with BrO mixing
the UT/LS, (3) most of the information gathered comes fromratio of up to 2.5 pptv. Nevertheless, above 3km, the mea-
the line of sight of the instrument. Particular details of thesesurements were not reproducible within the error margins if
studies can be found in the work Bfrados-Romaif2010 a steady BrO mixing ratio larger than 3 pptv would be con-
and some implications of those three findings are given besidered in the free troposphere. Moreover, GOME-2/MetOp-
low. A satellite observations indicate that, at the beginning of the

o o ) o _ aircraft ascent, an area of high BrO vertical column density

Finding (1) indicates a horizontal sensitivity of the limb (VCD) was crossed (see also Talje Thus, the retrieved BL

measurements of 10 to 40km (increasing with altitude).
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Fig. 9. Aircraft-borne measurements performed by the DLR &nd CO) and the IUP-HD group (BrO) on 1 April (green) and 8 (cyan, red,
blue) during the ASTAR 2007 campaign. Note that the maximum altitude in the cyan profiles (descent at 13:00 UT, 8 April) is around 4 km.
The tropopause height for 1 April (green) and 8 (blue) are indicated with arrows in the left panel. Further details of both sorties are given in
Prados-Roma(2010. The dashed vertical line on the right panel indicates the BrO detection limit.

part of the profile shown in Fi®d may only be representative mid and high-latitudes during the past 15 yr (eWyfeidner et
for the first part of the ascent. al., 2005 Dorf et al, 2006. Also, since the BrO averaging

As expected for measurements performed in the UV Spec[<ernels are very close to unity throughout the whole vertical

tral range and in a rather clean atmosphere, finding (2) conprOfIIe (sge Fig8), the mentioned BrO surface cqntamma—
firms that only in the boundary layer the Mie scattering maytlon may i ge”efa' be ruled out (e}lthough the width of the
be relevant. Moreover, the radiative processes directed b)z}veragmg kernel is also to be considered).

Rayleigh scattering in the UT/LS suggests that the BrO pro- Next the inferred BrO profiles are put in the context of
file retrieved at that altitude is independent from the assumpother in situ measured trace gaseg @d CO in Fig.9).

tion of any horizontal stratification of the aerosols’ optical Such an investigation may also assist to test even further the
parameters at lower altitudes. consistency of the retrieved BrO profile. FigWéndicates

(in red) that the slightly enhanced BrO found in the upper tro-
posphere could be due to the transport of air masses from the

the UT/LS (and also of the retrieved |UP-HBy, profile lowermost stratosphere. Hence, this would simultaneously
from Fig.5) addresses a possible contamination of the mea- ' '
g.5) P enhance @ and BrO and deplete CO. In fact, such trans-

sured BrO absorption by photons being back-reflected from ¢ s (t folds which devel d cut-off
or near the ground, thus carrying to the location of detectionPO"t EVENtS (tropopause folds which develop around cut-o

some BrO absorption from the enhanced BrO concentratioAOWS)’ are known fo oceur frequently during the Arctic spring
in the BL. However, finding (3) suggests e.g. that the BrO season (e.g5hapiro et al. 1987 Stohl et al, 2003. These

profile retrieved in the upper troposphere is not an artifact2rguments enforce us to confirm that the BrO mixing ratios

from BrO enhanced in the BL. This is also confirmed by for- qurt_ad in the UT/LS. region re_present a fairly accurate de_-
ward modeling studies which show that the BrO dSCDs mea-scrlptlon of rea! physical quantltles, and are not merely arti-
sured in the UT/LS can be explained (within the error bars) iffaCtS of the retrieval technique.

no enhanced BrO is considered in the BL. Moreover, the re- More difficult to discuss are the BrO mixing ratios inferred
trieved BrO mixing ratios in the lowermost stratosphere com-in the free troposphere. Indeed, there are reports of some
pare well with expectations based on atmospheric BrO propptv of BrO detected in the free troposphere during similar
file measurements performed during a large suite of balloorconditions (e.g.Fitzenberger et gl2000. In addition, the
deployments into the lower and middle atmosphere from low,averaging kernels of our BrO retrieval (Fig. left) indicate

Another critical aspect of the retrieved BrO profiles in
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Table 1. BrO VCD comparison between airborne and satellite measurements during the Arctic spring (2007). Note that k&@izved

by the MPIC team may contain free tropospheric BrO (indicatet).a®n the other hand, BrO columns inferred from balloon measurements
performed in Kiruna (679N, 21.1° E) on 23 March 2003 and on 24 March 2004 are given as airbornesy¢gr 1 April 2007 and for

8 April 2007, respectively. Further details are given in Séctor information concerning the aircraft deployments of 1 and 8 April 2007,
the reader is referred rados-Romaf010.

Date | 1 April 2007 | 8 April 2007
Platform | Airborne Satellite | Airborne Satellite
Institute ‘ IUP-HD MPIC BIRA ‘ IUP-HD MPIC BIRA
UT (SZA) | 11:25 (79) | 13:00(75) 14:30(78) 15:20 (80) 14:30 (78)
Latitude/Longitude | 81°N/30° E | 7°NILBE 8P NACPE 78 N2FE 8C° N/L0P E
Units | @0¥moleccnt?)  (10*3moleccnt?) | (103 moleccnT?) (103 moleccnT?)
VCDtrop BL 2.0£0.6 25+1.0 — 3.94+2.0 3.8+1.2 58+1.8 2.86+1.0 —
Free 1.0+£1.0 - - >(0.7+2.5) 1.6+:1.3 1.5+1.1 - -
TOTAL 3.0+£1.2 - 4.0+1.5 | >(4.6+£3.2) 54+1.8 7.3+2.1 — 5315
VCDstrat 3.940.3 4240.6° 39408 3.740.3 42407 3.7+0.8
VCDTOTAL 6.9+1.2 67419 7.9+23| >(83+32) 91+1.8  11.0£21 7.0+£20 9.0+23

the independence of the information inferred. Nevertheless, Another aspect of the bromine detection may address the
the small BrO mixing ratios close to or at the detection limit variability of BrO in the BL due to the proximity to the open
(<1.5 pptv) found for the free troposphere renders it difficult sea, broken sea ice (leads) or closed seaice. In order to inves-
to quantify whether some BrO is actually present. One re-tigate potential source regions of reactive bromine, particular
cent study reports on reactive bromine measurements (HOBagircraft trajectories were planned with the goal of flying over
Br; and BrO) present in the BL and free troposphere duringthese potential sources. As an example, different ascents and
the Arctic spring of 2008 Neuman et aJ.2010. In Neu- descents on 8 April probed the atmosphere over closed or
man et al(2010 the amount of reactive bromine was found broken sea ice (green, cyan and red profiles in 8jgand

to be low (<1 pptv and typically close to detection limit) in over open ocean and scattered sea ice (blue profile iBFig.
the free troposphere. Photochemical arguments put forwardVorth mentioning is that sensitivity studies indicate that het-
by the authors (also valid for our conditions) suggest thaterogeneities in the forward model parameters may affect in
most (if not all) of the detected reactive bromine was actu-unique ways the forward model error (and therefore the to-
ally HOBFr (reservoir) rather than BrO. Since these argumentdal error) for the inferred BrO tropospheric profiles presented
may also apply for our observations, we cannot conclude thain Fig. 9 (right). For instance, the error of the BrO profile
BrO was unequivocally detected in the free troposphere durat 14:30UT (in red) is found to be largely determined by
ing the ASTAR 2007 campaign. the aerosol load. On the other hand, the ground albedo vari

Next the BrO detected within the BL of the Arctic tro- ability dominates the error of the BrO profile at 15:20UT

posphere during spring 2007 is considered (Bigright). (in blue): A fir;st inspection of the measurecj;,CI:Q_and
Herein the near surface BrO mixing ratios show strong het—Bro profiles (Fig.9) reveals that the largest BrO mixing ra-

erogeneities (with values between 8-30 pptv) with a gen-tios (up to 30 pptv) were found during the descent over open

eral trend of decreasing BrO with height. This finding is ocean and scattered sea ice on 8 April _(in b_Iue_), while the
well in agreement with previous observations of near surfacd@West ozone — very close to _the detection limit of 3_ppbv
BrO mixing ratios typically high 10 pptv) during the polar (nmol/mol) — was detected during the ascent on 8 April over

spring ODEs (e.gHausmann and Platt994 Saiz-Lopez et clrc:sed :nd .paTtIy broken sea ice”(in rid). Since transport apd
al, 2007. However, even though iNeuman et al(2019  Photochemical processes as well as heterogeneous reactions

BrO is found within our mixing ratio range, their measure- mhay Interact n afcompllcgtedb manner, for thg time ?eén%
ments together with photochemical arguments indicate thafh€ source region for rea_\ctlve romine cannot be concluded.
most of the reactive bromine was actually HOBr (and pos_These f_acts, together with th_e sparsity _of the co.llected data
sibly Br), rather than BrO. Since herein BrO is selectively and their poor spatial resolution, complicates a firm conclu-

detected by DOAS, their finding of BrO playing a minor role sion on the potential source regions of the reactive bromine.

in the total reactive bromine during ODEs somehow contrastsa‘lsﬁ amore detafuled d|.scu§smr! of qbservaﬂonhs V‘,"th respect
with the overall finding of the present work, at least in situa- to the sources of reactive bromine, Its atmospheric transport

tions where enough ozone is still available to oxidize the rand Photochemical transformation is not within the scope
atoms formed either from Bror BrCl photolysis. of the present study but will require a detailed modeling of
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Fig. 10. GOME-2 total (upper panels), stratospheric (middle panels) and tropospheric (low panels) BrO Vertical Column Densities for the 1
and 8 April 2007 (left and right column, resp.). The island of Spitsbergen, base of the ASTAR 2007 campaign, is marked with black crosses.
Details of the retrieval method are givenTiheys et al(2011).
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the relevant processes. Such an approach is the objective playing the highest sensitivity to surface BrO have been kept
a forthcoming study. for the comparison.

Finally, our data are inter-compared with simultaneous Tablel provides an overview of the inter-comparison exer-
satellite-borne BrO observations. The satellite data, derivedise. Shown are the tropospheric BrO columns inferred from
from GOME-2/MetOp-A measurements (e.§vagner and the flights on 1 and 8 April during the ASTAR 2007 cam-
Platt 1998 Theys et al.2011), consist of total stratospheric paign (see also Fid, right) and integrated over the BL, the
and tropospheric BrO vertical column densities (VCD) re- free troposphere and the entire troposphere. In addition, es-
trieved using two different algorithms developed by the Max- timates of stratospheric BrO columns inferred from balloon
Planck-Institute for Chemistry (MPIC), and by the BIRA- measurements are provided. Those measurements were per-
IASB/TEMIS groups (see Figl0). The satellite retrievals formed in Kiruna (67.9N, 21.7°E) on 23 March 2003 and
of both groups are based on a residual technique that comsn 24 March 2004. Details of those balloon flights, charac-
bines measured total BrO slant columns and estimates oferized by a tropopause altitude of 8 km and 8.9 km (resp.),
the BrO absorption in the stratosphere. Furthermore, stratoare given in the work oborf et al.(2006. In the cases of the
spheric and tropospheric air mass factors are applied in orderloud-free passages flown over the sea ice of 1 April 2007
to account for changes in measurement sensitivity in both(11:25UT) and 8 April 2007 (14:30 UT), our airborne data
stratospheric and tropospheric layers. The BIRA-IASB team(IUP-HD) are compared to the satellite columns (MPIC and
applies a stratospheric correction based on the BrO climatolBIRA). Note that no satellite data are given for the 13:00 and
ogy described byrheys et al(2009 which uses estimates of 15:20 UT profiles on 8 April 2007, due to the small number
the tropopause height (derived from ECMWF data), as wellof satellite pixels meeting our selection criterion.
as @ and NQ vertical columns simultaneously retrieved by  As shown in Tablel, within the limits of the experimental
GOME-2 (more details can be found Theys et al.2011). errors, the integrated BrO column amounts using the airborne
The MPIC team uses a slightly different method under cur-and the satellite approaches compare reasonably well. Differ-
rent development. In this case the stratospheric contributiorences between the three groups may be due to different wave-
to the measured slant column is estimated using a filter algolength range chosen for the BrO spectral retrieval (airborne
rithm based on statistical ensembles. The method relies oretrieval: 346—-359 nm, BIRA: 332-359 nm and MPIC: 336-
the following assumptions: (1) There is a linear correlation 360 nm), although the possibility that different air masses
between stratosphericsCand BrO slant column densities were sampled cannot be ruled out. On the other hand, devi-
(Salawitch et al.2010. (2) Similarly to the parameteriza- ations between the two satellite retrievals may be attributed
tion used by the BIRA-IASB teanTheys et al.2009 2017), to a different choice of the VCD retrieval algorithm (MPIC
the ratio of the slant columns of BrO and @epends on the applies a normalization following the method published by
BrO/Bry chemistry altered by the stratospheric concentrationRichter et al.(2002 while the BIRA product does not ap-
of NOy, and on the solar zenith angle. (3) Apart from strato- ply any normalization procedure). Since the ground albedo
spheric photo-chemistry, deviations toward a higher BrD/O significantly alters the sensitivity for the satellite detection of
indicate enhanced BrO below the tropopause. However, a retrace gases close to the surface, the ground albedo may also
trieval based on these three basic assumptions is not able {gay a role in those differences. In these studies, the MPIC
clearly distinguish between any background BrO in the tro-group uses the same surface albedo as the mean value used
posphere and the stratosphere (i.e., the VCDstrat may corby the IUP-HD group (79 %). On the other hand the BIRA
tain free tropospheric BrO). Therefore, the MPIC approachgroup uses variable surface albedo values per pixels, with
merely allows us to identify and study observations that havemean values of 75 % (1 April) and 68 % (8 April) based on
an “above normal” BrO column density (indicated “a#n Koelemeijer et al(2003 climatology. Overall, worth men-
Table1). Note that two different satellite retrievals are con- tioning is also that in the selected passages and compared to
sidered for this inter-comparison exercise in order to inves-airborne values, the satellite retrievals do not systematically
tigate the consistency of the airborne and the satellite BrQunderestimate BrO.

VCD regardless the retrieval method applied to the satellite
measurements. .

In order to compare the satellite columns with the airborne5 Conclusions
results, only satellite pixels with overpasses 30 min beforeThe present study reports on recent developments of aircraft-
and after the duration of the passages are considered. lborne DOAS (Differential Optical Absorption Spectroscopy)
addition to the satellite pixels intercepting the Falcon flight limb measurements, the tropospheric profile retrieval of im-
track, pixels falling roughly 20 km on the left side of the track portant atmospheric trace gases (e.g., BrO), and its valida-
(in the mini-DOAS viewing direction) are also taken into ac- tion. The data discussed within the study were obtained
count. Adding those pixels parallel to the flight track aim during deployments of a novel light-weight mini-DOAS in-
at considering an averaged horizontal sensitivity of the limbstrument on the DLR-Falcon aircraft that conducted research
measurements throughout the aircraft ascent. Finally, baseflights around Svalbard during the polar spring ASTAR 2007
on measured Pairmass factors, only the satellite pixels dis- field campaign. Major challenges in the interpretation of the
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collected optical data and the validation of the inferred trace Future applications of aircraft-borne limb technique are

gas profiles arose with the predominant influence of the preswide-spread, such as measurements of atmospheric halogen

ence of spatially and temporal variable amounts of aerosolsadical profiles (BrO, 10, OCIO, OIO, ...) above oceanic

within the probed atmosphere, as well as the high but spawaters of large biological activity (e.g., along the shores of

tially variable ground albedo. large tides, the tropical Atlantic, the tropical Eastern and
In order to overcome these complications, a two step apWestern Pacific), in polar regions, within plumes of volcanic

proach was chosen. First, an effective vertical profile ofemissions, over salt lakes, or even in the free troposphere and

the aerosol extinction coefficient was inferred from mea-lowermost stratosphere. Other applications of the technique

sured Sun normalized radiances. This inverted aerosol profilenay focus on studies where other gases, also accessible with

served then as an input parameter in the forward RT modeUV/vis/near-IR DOAS technique $§)NO,, HONO, CHO0,

which is needed for the regularization of tropospheric traceC,H>0», all three phases of water, etc.), are important. Such

gas vertical profiles retrieved from measured dSCDs. Cominvestigations are planned within future deployments of the

parison of the retrieved aerosol extinction profile and that de-novel research aircraft DLR-HALO. In addition, the retrieval

rived from in situ size distribution measurements indicatesof aerosol and cloud particle optical properties simultane-

a limitation of the aerosol retrieval constrained to one singleously measured can improve the accuracy of the key trace

type of aerosol. However, the consistency of the effectivegas retrievals (e.gNagner et al.2004 Friess et al.2006

aerosol extinction and tropospheric trace gas retrieval comegVagner et al.2009h Vlemmix et al, 2010. Furthermore,

from forward modeling studies and, in addition, is validated the retrieval of optical properties of particles- such as an ex-

by inter-comparing a regularizefb, profile with the true tinction profile - represents a research field with great poten-

Eo,. tial for, e.g., radiative forcing and climate feedback investi-
Once the appropriate parameters for the forward RT modebations (e.gDaniel 2006 Schofield et al.2007%).

were set, profiles of tropospheric BrO with typically 10 de-

grees of freedom and an averaged detection limit of 1.5 ppt\Supplementary material related to this

could be inferred. Sensitivity studies indicated a resolutionarticle is available online at:

of the retrieved profiles of 1 km in the vertical. Since vertical http://www.atmos-meas-tech.net/4/1241/2011/

profiles of BrO are not known by other means, airborne to-amt-4-1241-2011-supplement.zip

tal column amounts of tropospheric and stratospheric BrO

were inter-compared with simultaneous measurements of . .

collocated GOME-2/MetOp-A satellite measurements. This/ cknowledgements-unding for this study came from the Pf
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