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Abstract. We report on airborne Differential Optical Ab- the second sounding, polluted air from Central Europe con-
sorption Spectroscopy (DOAS) measurements of aerosol extaining NG. Considering the boundary layer measurements
tinction and NQ tropospheric profiles performed off the of the first flight, modeled source regions indicate closer
North coast of Norway in April 2008. The DOAS in- sources, especially the Kola Peninsula smelters, which can
strument was installed on the Safire ATR-42 aircraft dur-explain the N@ enhancement not correlated with a CO in-
ing the POLARCAT-France spring campaign and recordedcrease at the same altitude.

scattered light spectra in near-limb geometry using a scan-
ning telescope. We use Gslant column measurements
to derive the aerosol extinction at 360nm. Regulariza-
tion is based on the maximum a posteriori solution, for1
which we compare a linear and a logarithmic approach.

The latter inherently constrains the solution to positive val- o ) )
ues and yields aerosol extinction profiles more consistenPSPite its remoteness, the Arctic troposphere is affected by

with independently measured size distributions. We presenVace gases and aerosols emissions from mid-latitude regions.
results from two soundings performed on 8 April 2008 The Arctic Haze phenomenon, observed since the 1950s, is
above 7N, 22E and on 9 April 2008 above 7O\ a visible manifestation of this long-range transp@hgw

17.8 E. The first profile shows aerosol extinction and NO 1999- The effects of this pollution are specific to the area
in the marine boundary layer with respective values of@"d may explain part of the enhanced warming observed
0.04+ 0.005 knT! and 1.9+ 0.3x 10° moleccnT3. A sec-  there. Indeed, the dry Arctic air makes the area more sensi-

ond extinction layer of 0.0&0.003knt is found at 4 km tive to the increase in non-water greenhouse gases. Further-
altitude where the N@ concentration is 0.320.2x 10° more, above the high-albedo snow and ice surfaces, aerosols
moleccnt. During the second sounding, clouds prevent ~ €Ven if only weakly absorbing —can lead to a warming, con-
retrieval of profile parts under 3 km altitude but a layer trary to their global cooling effectiaw and Stohl2007 and
with enhanced extinction (0.0250.005kn1) and NG refe_rences therel_n). Cllmat.e. change.may further modify the
(1954 0.2 x 10° molec cnt3) is clearly detected at 4 km al- @rCtic tropospheric composition. For instance, if the summer
titude. sea ice continues its decline, ship traffic through the North-
From CO and ozone in-situ measurements complementef/" Passages will become an important source of aerosols
by back-trajectories, we interpret the measurements in th@"d NG the latter also driving an increase in tropospheric
free troposphere as, for the first sounding, a mix betweerPZone Granier et al.200§. Quantifying such phenomena

stratospheric and polluted air from Northern Europe and for"@duires an accurate knowledge of the Arctic troposphere.
In this paper we present airborne DOAS measurements of

the vertical distribution of aerosol extinction coefficient and
Correspondence toA. Merlaud NO, concentration off the North coast of Norway during the
BY (alexis.merlaud@aeronomie.be) POLARCAT-France spring campaign.
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Differential Optical Absorption Spectroscopy (DOAS) has 2 The ALS-DOAS instrument and its operation during
been widely used for atmospheric researelatt and Stutz a POLARCAT campaign
2008. First applied to the retrieval of stratospheric gas
columns using zenith-sky observations of solar scattere®.1 Instrumental description
light, the technique has been recently extended to the detec-
tion of tropospheric gases by means of observations alondhe Airborne Limb Scanning DOAS (ALS-DOAS) was de-
multiple viewing directions (Multi-Axis DOASHoOnninger  veloped at the Belgian Institute for Space Aeronomy (BIRA-
et al, 2009. Such measurements also yield information on IASB) and first used during the POLARCAT campaign.
the vertical distribution of the gase¥Vittrock et al, 2004). Based on a grating spectrometer, it records limb-scattered
The possibility to extend this profiling technique to aerosol sky light spectra at several angles around the horizon, follow-
extinction was demonstratedVagner et al. 2004 Friess  ing the Multi-axis DOAS principleionninger et al.2004.
et al, 2009 and implemented by several groupsg et al, Figure 1 shows the ALS-DOAS installed in the SAFIRE
2008 Clémer et al.2010. The approach uses theA)Q col- ATR-42 aircraft. The entrance optic is composed of°a 1
lision complex, referred to hereafter ag,@hich has strong field-of-view telescope focusing the light into an optical
absorption bands in the UV-Visible range. Aerosols affectfiber. A 5-cm black paperboard baffle limits the stray light
DOAS measurements of any absorber by modifying the lightat the entrance of the telescope. This telescope, standing be-
path but the effect can be isolated fog €ince its vertical hind a BK-7 glass port, is mounted on a stepper-motor axis
distribution is well-known. The vertical resolution retrieved and scans continuously betwee® and 5 by steps of 1.
from the ground-based measurements remains poor howeveBetween the fiber and the spectrometer, a Jobin Yvon opti-
typically two independent layers can be retrieved close to thecal interface matches the fiber and spectrometer numerical
surface and only little information in the free troposphere. apertures. The spectrometer is a SpectraPro-150 (imaging
On the other hand, satellite-borne instruments using UV-Czerny-Turner set-up, 150 mm focal length) from Acton Re-
visible limb radiance measurements date back to the Solasearch Corporation, with a 100 um entrance slit. The spec-
Mesosphere Explorer (SME|ount et al, 1984. Thisgeom-  tral range is 330—-450 nm, with a resolution of 0.4 nm full
etry provides a good vertical resolution in the stratospherewidth at half maximum (UV) to 0.6 nm (visible). A cus-
but for tropospheric studies from satellites, nadir-looking in- tom Terimide 7 thermal insulation limits the thermal effects
struments have to be used, such as the Ozone Monitoringn the spectrometer and the matching interface. The detec-
Instrument (OMI,Levelt et al, 2006, which are only sensi- tor, a back-illuminated Pixis CCD 2048512 pixel€ from
ble to the total tropospheric column. A way to overcome thisPrinceton Instruments, is cooled t660°C to increase the
limitation relies on operating a DOAS instrument from air- signal-to-noise ratio on the spectra. The whole set-up in-
craft, combining the multi-axis measurements at different al-cluding the computer is mounted on a 19-inch (482.6 mm)
titudes. The Airborne Multi-Axis DOAS (AMAXDOAS) in-  rack. While measuring, the CCD integration time is auto-
strument, recording simultaneously scattered-light spectra atatically adjusted to optimize the signal, typically between
different angles from an airplane, has already measuregd NOO.4 and 1.3s. Each measurement represents a 30s average
vertical distributions Bruns et al. 2006 in a polluted re-  at a certain telescope angle. The acquisition is controlled
gion. Prados-Roman et gR011) have used another airborne automatically and the instrument does not need an operator
set-up with a single line-of-sight, parallel to the ground, andonboard.
derived BrO Arctic profiles from the ascent of the aircraft.  Several tropospheric molecules absorb light in the spectral
The instrument developed in this work, namely the Airbornerange of our instrument and thus are potentially detectable:
Limb Scanning DOAS (ALS-DOAS), combines the two set- O3, NOy, HCHO, CHOCHO, Q, 10 and BrO. In the fol-
ups with a single line-of-sight scanning the horizon continu-lowing, we focus on @ and NG, measurements which were
ously. most clearly identified during the campaign.
In the next section we describe the technical aspects of the
ALS-DOAS instrument and its operation on the Safire ATR- 2.2 The POLARCAT-France spring campaign
42 during the POLARCAT-France spring campaign. The
methods used for the data analysis, i.e. the DOAS settingsThe POLARCAT-France spring campaign was part of the
radiative transfer modeling, inversion schemes and error budPOLARCAT international research activity (Polar Study us-
get are presented in Se®. These methods are applied in ing Aircraft, Remote Sensing, Surface Measurements and
Sect.4 to two soundings performed during the flights on 8 Models, of Climate, Chemistry, Aerosols, and Transport), in
and 9 April 2008. Retrieved extinctions are compared withthe framework of the International Polar Year (IPY). Based
Mie-scattering calculations performed on aerosol size distri-in Kiruna, Sweden (68N, 2¢° E), the Safire ATR-42 air-
butions measured in situ. In Seé&. we interpret these re- craft performed twelve scientific flights between continen-
sults using ancillary measurements of CO and ozone mixingal Norway and Svalbard between 30 March and 11 April
ratios, as well as backward trajectories calculations. 2008. Scientific objectives of the campaign included the
study of pollution transport, aerosol/cloud interactions and
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Spectrometer with

thermal insulation BK7 port

Scanning telescope

Optical fiber
CCD detector

Fig. 1. The Airborne Limb Scanning Differential Optical Absorption Spectrometer (ALS-DOAS) onboard the Safire ATR-42 aircraft. A
scanning telescope collects scattered sky-light at different angles near the horizon, this light being transmitted through an optical fiber to a
grating spectrometer. A CCD detector is used to record the spectra. See text for technical details.

satellite validation. Various flight patterns were achieved in \
different weather conditions to fulfill these different research | . : "
requirements. The aircraft’s payload included remote sens- /4 m“i"a'bard
ing (e.g. Lidar, Radar) and in situ instruments (e.g. aeros ‘ ':3 ”
sampler, cloud particle imager). In Sedf.the aerosol size § ‘
distributions measured by the Scanning Mobility Particle
Sizer (SMPSVillani et al., 2008 and by the Passive Cavity
Aerosol Spectrometer Probe (PCASP 100-X DMT) aboard
the Safire ATR-42 are used to calculate aerosol extinctiong
and compared with our retrievals. Together the instruments
cover the size range between 0.02 and 3um. In Sewte ; Sounding}1120087080Cky A
also present ozone and CO profiles from the MOZART in- 9 Sounding 2, 200{3‘/021/09 g
strument Nécklec et al. 2003 Ancellet et al, 2009 and .

attenuated backscatter ratio profiles at 532 nm and 1062 n
measured with the Lidar as describeddae Villiers et al.
(2010. The ALS-DOAS instrument recorded spectra contin-
uously during the campaign, except during the flight as0829
(7 April 2008) due to a computer problem. Here we focus on
the data collected during two soundings on 8 (flight as0831) B A -Google

and 9 April 2008 (flight as0833), respectively at' M, 22° E

and 70 N, 17.8 E. Figure2 displays these flight tracks and

the position of the soundings. During the first sounding, theFig. 2. Tracks of the flights as0831 (8 April 2008) and as0833 (9
plane was first flying at 6 km then started a spiral descent (beApril 2008) of the POLARCAT-FRANCE Spring campaign. Two
tween 09:35 and 09:59 UTC), and reached the marine boundsoundings are studied in this work, respectively &N122° E and
ary layer where it continued with a level flight at 300 m. The 70°N, 17.8’E.

sky was then cloud-free around the plane, which simplifies

the radiative transfer calculations and reduces considerabl
the uncertainties in the results. During the second sound

ing, the plane, flying at 5km altitude, started its descent atrhe data analvsi ; ) .
g . ' ) ysis consists of three steps: (1) quantifica-
09:44 UTC and reached its lowest altitude (250 m) at 10:044i5, of 04 and NG molecular absorptions in the spectra,

Some clouds were present close to the sea surface. (2) retrieval of the vertical distributions of aerosol extinction
and NG concentration from these measured absorptions and
(3) error budget.

e

§ Spectral analysis and profiling method

www.atmos-chem-phys.net/11/9219/2011/ Atmos. Chem. Phys., 11,923§-2011
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Table 1. DOAS analysis settings. (@ ' ' ' ' ' '
0.5¢ _
‘ Oy NO> 0 v\/.\,\_/\/\/\/-/ \/U
Fitting 340-370 415-446 -0.5}F 15 4
window nm nm PN NO, DSCD = 1.96 x10
D . \
Oy Hermans (see text) Ibid. % 4= , . . i i .
NO, Bogumil et al.(2003 Ibid. = L% ]
O3 Bogumil et al.(2003 Ibid. 2 o 2 B \
H,0 - Harder and Braul(1997) h
Ring Chance and Spu(d997  Ibid. £ 4w ! ' " '
: o 0 W
Polynomial | 3 5 -2 WW
order -4t L . . ,
0.5f(d)
0
05} Residuals; root mean square = 2.0"1 x10# ) ) L]
415 420 425 430 435 440 445
The first step is achieved with the DOAS technigBtéaft Wavelength(nm)

and Stutz 2008 which disentangles specific absorptions

from other contributions in the ;pef:tra. These absorpt!ons d%ig. 3. Example of a DOAS fit of a spectrum recorded on 8 April
not depend only on aerosql extinction and Nfoncentration 2008, when the plane was in the marine boundary layer. Black lines
but also on other geophysical parameters and on the measur@érrespond to molecular and Ring cross-sections scaled to the de-

ment geometries. The second step involves a modeling of thgscted absorptions in the measured spectrum (green lines). Note that
atmospheric radiative transfer to study the sensitivity of thethe pixels between 435.4 and 436.5 nm are damaged.

measurements to aerosol extinction andaN©Oncentration

and a regularization method to solve the inverse problem of

retrieving those quantities. We use the maximum a posterior{Fayt et al, 2011). The molecular cross-sections references
solution as described iRodgerg2000, which also provides  are in the table except for{or which we use the Hermans

a rigorous error analysis. version {ttp://www.aeronomie.be/spectrolab/o2.htmrhe
) Ring effect Grainger and Ringl962) originates from rota-
3.1 DOAS analysis tional Raman scattering by-@&nd N> and produces a filling-

in of solar Fraunhofer lines in scattered light. We fit a Ring

Molelculatr a bsc(;erons su%T astthoser:afa_hd NG f‘re com- th pseudo-absorption as describeddhance and Spui997)
monly retrieved in uv-visible atmospheric spectra using the, .. - it into account.

DOAS technique. This method relies on the fact that their ab- Figure3 presents a typical NODOAS result. The spec-

sorption cross-secnons_vary much more r_apldly Wlth. VAV rum was recorded at 09:57 UTC when the aircraft was flying
length than the scattering effects (Rayleigh and Mie). In . o . .
ractice, a measured spectrum()) is divided by a ref- at 0.4_13 km altitude msu_:le the marine bounda_ry layer dur!ng
grence é)nel( (v)) to remove solar Fraunhofer structures the flight as0831 (8 April 2008). The solar zenith and relative
ef azimuth angles were then respectively’ &hd 223. The

and reduce instrumental effects. The slow variations in thistelesco e anale washich corresponded to a rande be-
ratio are filtered out with a low-order polynomiaP (1)) P 9 P 9

L . : . tween—10° and +20 around the horizon, due to the plane’s
and the remaining absorption structures are fitted in a least- L ]

2 . - roll variations during the 30s of the measurement. The refer-
square sense with high-pass filtered laboratory cross-sections

(o/()). DOAS thus enables application of the Beer—Lambertence spectrum was recorded on the same flight at high alti-
l " .
law in the atmosphere, in a form that can be written as: tude (see Sect. 4.1). The figure shows the;MiQ(panel a),

the water vapor optical density (panel b) which contributes
I(A
In @» __ E o/(1)-DSCD + P(%) 1)

significantly to the signal at the end of the analysis spectral

Lei(A) window, the Ring effect (panel c) and the fit residuals (panel
d). Note that the pixels between 435.4 and 436.5 nm are dam-
In the above equation the indéxrepresents one particular aged and therefore not considered in the DOAS fit.
absorber. DOAS analysis results are, for each considered
absorber, in the form of differential slant column density 3.2 Radiative transfer modeling
(DSCD), i.e. the difference between the concentration inte-
grated along the optical path corresponding to the measure@he DSCDs obtained with the DOAS analysis depend on the
spectrum and the same quantity in the reference spectrum. light path, which is different for every single observation due

Table1 lists the DOAS analysis settings used for the re- to the telescope scanning and the variations in azimuth and
trievals of @ and NGQ DSCDs. These settings were imple- altitude when the planes performs a vertical sounding. More-
mented in the QDOAS software, developed at BIRA-IASB over, for scattered sky-light as in our experiment, multiple

Atmos. Chem. Phys., 11, 9219236 2011 www.atmos-chem-phys.net/11/9219/2011/
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unknown photon paths contribute to the signal simultane- Dok air mass factors
ously. Modeling the radiative transfer in the atmosphere en- ’ (
ables us to define an effective light path necessary to interpre
the measurements.

The radiative transfer model we use here is 5
UVspec/DISORT ayer and Kylling 2005. It is based
on the discrete ordinate method and deals with multiple €4
scattering in a pseudo-spherical approximation. Radiance £
at a given wavelength and absolute slant column densitie:<°
(SCD) for molecules of interest can be calculated, for a ,
geometry and a predefined atmospheric state. Considerin
our DOAS fitting windows, the calculations were done at / e 1 /
360 and 440 nm respectively fory@nd NGQ. To calculate '
the true SCD from the DOAS DSCDs measurements, % 05 1 15 2 % 2 4 & & 10 12
SCD in the reference spectrum (Sefp must be estimated Weighting functions (x10° cm) Weighting functions (x10'* molec/cm?)
(cf. Sect.4.2).

Some Of. th.e at.mOSpheriq state parameFers, usually So_urc%srg_ 4. Some of the weighting functions relative to the p€lant
of un?erta'nt'es in the ret_”ev_al of a particular geophysical column measurements of the 8 April 2008 in linear (left panel) and
quantity, were measured in-situ onboard the plane, such aggarithmic (right panel) scale. Beside the altitudes of observations
the temperature, pressure and ozone concentration. We Usfe indicated the telescope line-of-sight anglésgtadir, 96 hor-
their measured profiles in our model, completed higher up inizontal).
the troposphere and in the stratosphere with values extracted
from the TOMSV8 climatologyNicPeters et al2007). The
latter depends on the ozone total column, estimated at 39@redefined profiles of extinction and NOIn addition to the
Dobson units in our case from the AURA AVDC values at jinear weighting functions%’ 3;"3‘%), we also cal-
Ny-Alesund and Tromsgh{tp://avdc.gsfc.nasa.gqv/ The ) . o YT 3SC

i bt late logarithmic weighting functi ns—?ﬂ—DO4 Dvo,

NO, profile is built from the TM4 modelBoersma et a.  cu'ate loga ¢ weighting functionssat, 5o, 1 )-
2007, the stratospheric part being scaled to reproduce thd his enables us to constrain the retrievals to positive values
stratospheric vertical column measured by the OMI instru-(S€€ nextsection). o _
ment. The albedo of open-water can be calculated accurateIE/ Figure 4 shows typical N@ weighting functions for
assuming a Fresnel reflectioBrandt et al, 2005 which  the sounding of the flight as0831 (8 April 2008). While
leads to an albedo value of 0.1 for’68olar zenith angle. the shapes are different for the linear and logarithmic ap-
This value depends on the refractive index of water which isProaches, both indicate a sensitivity across the whole sound-
almost constant between 350 and 450 nm so the same albedf@ altitude range. The maximum sensitivity is achieved for
value was used for the two wavelengths. The aerosol opticafiWing angles close to the horizon (9t the altitude of
properties (extinction, absorption and asymmetry parameterpbsServations. Th'S, happens when the telescope angle com-
are estimated using the OPAC software package (see nelensates the plane’s roll and is due to the enhanced light path
section). in this layer. This indicates that the optimal geometry for

The observation geometry is not constant during a meaProfiling applications is. obtai_ned_d_uring the ascents or de-
surement due to the circular flight pattern and the 30s accuSCents of the plane while maintaining the telescope parallel
mulation time. In particular the relative azimuth angle varies © the horizon. The maximum absolute values vary in oppo-
by up to 30. To overcome this problem, we calculate each site way with the observation altitude: they tend to increase
SCD at a single telescope angle as a weighted mean of tr the linear case whereas they decrease for the logarithmic
intermediary SCDs equally distributed in the 30s measureOn€. In the first case, this is due to the reduced scattering
ment interval. The weights correspond to the different radi-at high altitude: as aerosol and Rayleigh scattering decrease
ances calculated in the respective intermediate SCD geomdh€ light path increases. In the second case, this effect, still
tries, defined by the corresponding orientations and altitude®eSent, is dominated by the decrease of sensitivity to the
of the aircratft, telescope angles and solar positions. logarithm for smaller concentrations, as most of the;NI©O

Once the atmospheric state and the geometry are defineéhe predefined profile is assumed to be in the boundary layer.
the sensitivity of the measurement to a parametean be ~ 'ndeed, for small [N@] values,dIn[NO] gets large and re-

L : NN ... 3SC
expressed as the derivatiV&=P. For a vertical distribution ~ duces thus the derivati n[,\?c“)‘;i ).
X =Xxi=1..n, €.9. of NQ, the weighting function is the sensi- Dividing the linear weighting functions by the layers’

tivity of a measurement to the values of the distribution in thethickness defines the box air mass factors (box AW&gner
layers?>CP. Weighting functions are required to retrieve ver- et al, 2007). The box AMF scale is also displayed on Fig.

. . ] . . . .

tical distributions. We calculate them by perturbations on theand can be compared with the same quantity calculated for

5.8 km, 89° 5.8 km, 89°

4.1 km, 103° 4.1 km, 103°
25km, 91°
1.4 km, 91° 1.4 km, 91°

0.3 km, 94°
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nadir looking satellites (e.g. bghou et al, 2009 Fig. 7) estimated from the full width at half maximum (FWHM) of
and ground-based MAX-DOAS instruments (e.g. \Bjt- the main peak of the corresponding averaging kernel.
trock et al, 2004 Fig. 4). In the OMI caseZhou et al.in- To save computing time, we do not recalculate the weight-
dicates a box air mass ranging from unity near the groundng function matrice¥; after each iteration, as suggested in
to two in the high troposphere. Ground-based MAX-DOAS Rodgerqg2000. With this approximation, which seems rea-
measurements are most sensitive close to the ground, corrgenable since the real state is close to the linearization point,
sponding to quasi horizontal pointing, when the light path the retrieval takes around one hour to converge. Moreover
enhancement is maximum. The box AMF, around 20, is thenS; is used here as a tuning parameter. In praciges a
comparable to airborne limb measurements. But this sensidiagonal matrix with coefficientSa(i, i) constructed respec-
tivity decreases rapidly with altitude contrary to our airborne tively asﬂxg(i,i) or ﬂlnxaz(i,i) in the linear or logarithmic
set-up which enables to look the horizon from any altituderetrieval, ands is adjusted to optimize the DOFS while pre-
reachable by the plane. As a result, the airborne approach igenting non-physical values and oscillations in the retrieved
particularly well suited for the study of the free troposphere profiles.
For both extinction and N@retrievals, vertical distribu-
3.3 Retrieval of the geophysical quantities with a tions corresponding to a priori, linearization point and start-
maximum a posteriori evaluation ing point of the Gauss-Newton iterations are the same. Both
o ] o soundings are retrieved independently. For the first sounding
The we|ght|nglfunct_|on.s e>§press the sensitivity of a mc_easurezs April 2008), the chosen altitude grid extends from 0 up to
ment .to a ve.rt|9al distributior, or more accurately their re- 8 km in steps of 0.5 km each, except for the lowest step which
spective variations. For a set of measur%gnceér@ﬂmm, is 1 km thick. For the second sounding (9 April 2008), clouds
defining the weighting functions matrkk as——" enables  prevent modelling of the radiative transfer in the lower part
to write, if x is close to the linearization poin: of the atmosphere and, therefore, the grid starts at 3km and
the layers are 1 km thick up to 8 km.
y—Yo=K{X=Xo)+e (2) The a priori on aerosol extinction profiles are constructed
wherey, represents a measurement series at the linearizatiowith the software package OPAC (Optical properties of
point xo, which can be calculated with the radiative transfer Aerosol and Cloudsiess et al.1998. OPAC assumes ten
model. types of spherical particles that can be mixed to reproduce
Due to the errok, which represents instrument noise and typical aerosol conditions and provides their optical proper-
model uncertainties, the solutidris a statistical estimate of ties in the solar and terrestrial spectral range as a function
the true state. The problem is generally ill-posed and somé@f relative humidity. Conveniently, one of these predefined
regularization is required to retriee We use the maximum  Mixtures corresponds to the Arctic spring, and the relative
a posteriori solution as presentedindgerg2000, oftenre-  humidity was measured in situ during the flight. Figdre
ferred as “optimal estimation”. It requires a priori knowledge Shows an a priori extinction profile built from the OPAC out-
of the quantity to retrieve and assumes Gaussian statistics fdut at 350 nm, the closest wavelength in OPAC to the O
this a priori and the error. The solution with maximum prob- 360 nm absorption band, together with measured relative hu-
ability after the measurements (a posteriori), due to the nonmidity.
linearity of the problem, must be reached by iterations, in our For the NQ retrieval, the extinction profile at 360 nm re-

case with the Gauss-Newton algorithm: trieved from Q DSCDs is corrected to take into account the
scattering reduction in the visible with OPAC Angstrom co-

Xi+1=Xj+ 3 efficients. The a priori N@vertical distribution is extracted

ST+ KSR UK TS My — F(xi)) — S5 (% — Xa)] from the corresponding TM4 vertical distributions available

_ o with the DOMINO (Dutch OMI NQ) product bttp://www.
whereS, and S, are respectively the a priori and error Co- emjs_ni/airpollution/no2col/no2regioom?.php.
variance matrix, an&; the weighting functions matrix cal-  The assumption of Gaussian statistics, needed to establish
culated with the vertical distribution . Eq. @) is realistic for the instrument noise but less obvious
After convergence, the solution is a weighted mean of the &g the quantity to retrieve. For positive geophysical quan-
priori knowledge and the information coming from the mea- tities with large variability around a small mean, a signifi-
surement. The averaging kernels matfixmeasures this  cant part of the probability density lies in the negative range
weight, its trace being the number of independent pieces ofyhich is unphysical. Retrieving the logarithm of the quantity,
information retrieved, namely the degree of freedom for the; o assuming a lognormal probability distribution, can over-
signal (DOFS): come the problem. It implies calculating logarithmic weight-
A— (KiTse—lKi +S;l)—lK;FS€—1Ki &) ing functions, as described in the previous segtion. This has
been done already, e.g. for water vap8clineider et al.
The averaging kernels matrix also contains information abouf006, and CO Deeter et al.2007). For these two species,
the vertical resolution of the retrieval: for a given level, it is the authors further indicate that in situ measured statistics are
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Extinction coefficient(km-") respect to the albed@ (= 0.02) and on the aerosol extinc-
&2 0.01 0.02 0.03 0.04 0.05 tion, with standard deviations estimated from our extinction
. j . . . retrieval.
5 . . . . 5 The measurement error, with its covariarfaeis prop-
/ : : : agated in the retrieval with the gain matr& defined as
4 : . 4 (KTS7 K +531 71K TS L, representing the relationship be-
g 1 : g tween the retrieval and the signal. The corresponding re-
§3 5 g trieval error covariance is thus expressed as:
< ' 1= Sr=GS.G' (6)
The retrieval is a smoothed version of the true profile. This
1 1 finite vertical resolution is the third error source and is calcu-
lated as:
% 20 40 &0 80 100
Relative Humidity(%) Ss=(A-DSar(A—1) (7)

whereS,4; is the natural variability covariance ahthe iden-
Fig. 5. Construction of the a priori aerosol extinction coefficient tity matrix. Natural variability is often difficult to quantify.
profile (red) from the measured relative humidity (black). The ex- For the extinction, we estimate it from AOD measurements
tinction values are derived for 350 nm from the software packagebetween 1995 and 1999 at Mylesund Herber et al.2002.
OPAC, using the Arctic Spring predefined aerosol type. This study presents statistics for measurements at 532 nm for

different seasons and conditions. The background (no Arc-

tic Haze) spring value is 0.06#0.017. Considering this, the
closer to lognormal distributions. We compare the results ofyariapility covariance matrix is built assuming standard devi-
both methods in Sect. ations of 0.005 in all the layers with relative humidity larger
than 50 %, no correlation is considered between the layers.
For NO, natural variability in the free troposphere is derived
from the TOPSE aircraft campaig8troud et al(2003 give
eﬁtatistics for the NQ measurement during the campaign: a
ean and standard deviation of £2.3 pptv. Interestingly
e median is also calculated and its value, 15 pptv, is smaller
than the mean, which is typical of a lognormal distribution.
We use the standard deviation of these,Nfdeasurements.
Again, no off-diagonal elements are added to the variabil-
ity covariance matrix. Figuré displays the different error
sources and their propagation in the aerosol extinction re-
trieval on 8 April 2008. The error profiles for each param-
eter represent the square root of the diagonal elements of
its covariance matrix. It is noteworthy that the main error
S =Su+KpSK] (5) source on the measurements, the albedo, is insignificant after

) ) o the retrieval. The total uncertainty appears dominated by the
whereKyp, is the matrix of sensitivities to the model parame- smoothing error.

ters, constructed by perturbations on these parameters.
The noise covarianc8y is built with the square of the er-
ror in the slant columns, which is an output of the DOAS 4 Results for the soundings on 8 and 9 April 2008
analysis depending on the fit residuals, the off-diagonal ele-
ments are neglected. In this section, we present they@nd NG DSCD measured
Retrieving Q profiles in a similar experimentPrados-  during the flights as0831 (8 April 2008) and as0833 (9 April
Roman et al(201]) identified the albedo and the asymmetry 2008) and the corresponding retrieved aerosol extinction and
parameter as major sources of model parameter errors. WO, concentration profiles, for which we compare the lin-
introduce uncertainties on these parameters with respectivear and logarithmic approach. Between these two steps, we
standard deviations of 0.02 and 0.01. To take into account thenake sure the measurements are qualitatively reproduced by
O4 cross-section uncertainties (see Sdct), another error  the radiative transfer model and use the latter to infer in par-
source was introduced corresponding to 2 % of the measureticular the residual columns in the reference spectrum and a
DSCD. For the N@retrieval, we consider uncertainties with detection limit for NG.

3.4 Error analysis

The uncertainties in the retrieval originate from three
sources: the instrument noise, the uncertainties in the mod
parameters which are not retrieved (e.g. albedo) and the finitQ;
vertical resolution of the retrieval. The error from the model t
itself is neglected, which seems reasonable from previous in
tercomparison exercisesléndrick et al.2009.

The two first sources limit the accuracy in relating a pro-
file x to a set of measurementsand correspond to the mea-
surement erroe in Eq. (2). The associated error covariance
matrix is calculated from the noise covarian&g Y and the
model parameters covarianc® ) according to:
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Fig. 7. Determination of the residual column density and of the O
) o o ] _ DSCD scaling factor. DSCD measurements at high altitude, where
Fig. 6. Error contributions for the extinction profile of the 8 April 5605015 scattering can be neglected, are plotted versus simulated
2008 retrieved in logarithmic scale, estimated from the diagonal el-gpnsoiute SCD. The linear regression fits simultaneously the resid-
ements of the error covariance matrices. ual slant column density in the reference spectrum (the intercept,
SCDyef) and the DSCD correcting factor (the slope).

4.1 Residual slant columns and @DSCD scaling factor . .
@ g culated SCD in the same geometries:

As described in Sec8.1, our DSCD measurements are rela- SCD=a - DSCD+ SCDyef (8)

tive to the slant column in a reference spectrum. Determina-

tion of this reference column is thus necessary for any furthelF'gu:je7shO\f[Vhs thg fit rft;:sultsf]‘lor tWOéDS%[; ierle_?hmea- d
quantitative discussion on geophysical quantities; a@d sured when the ajreraft was Tlying above .okm. 1he mod-

NO, DSCDs presented in the following are relative to their e!ﬁjdn?égsojg;s;itge(glrzztssu?:r?es;l Se(r;Z:ltﬁgngzz%tel)JZisri;hetr:g
respective columns in the same spectrum, selected at the t(? P ' P ' 9

of the as0831 sounding, near 6km altitude. The telescop ounding. The @vertical distribution is calculated from the

angle was then®0 For both species the reference slant col- observed pressure and temperature. This leads to a scaling

umn is estimated comparing high altitude DSCD measure 260" @ of 0.89. DSCD measurements used to retrieve the
erosol extinction coefficient were therefore scaled by this

ments with calculated SCDs. We make the assumption thaf | hich is hiaher than th | red 7
the geophysical quantities to be retrieved do not affectsignif-va ue, which is higher than the values reported Zigger

icantly the slant column calculation at high altitude, which et er;ttblf/tlmelintr?litzs (:rl]ri(/a(;:t—sur?] n;f?Sfren:]Tn:is r?f /ngig?'
we believe is a reasonable hypothesis based on sensitivit eentlp: : -nvio ocumentsipresentations

tests using the radiative transfer model, SCD measure- stmlS/OSTM15A|S,SplneLOZ-OZCrossSect!ons.pgf
ments are commonly corrected with ad hoc scaling factors to. For NOZ_ measurements, we use the same _h|gh-a|t|tude_ se-
retrieve extinction. During an intercomparison exercise in-'<> to estimate a referer)ce SCD. without fitting & correction
volving four MAX-DOAS instrumentsZieger et al.(2010 factor on the cross—gectlon. Thzls leads to azN@ference
reported scaling factors from 0.75 to 0.83. Spectra obtainecﬁ:ommn of 7.81x 10> molec cnv ) Aerosql optical effects

at high altitudes give an opportunity to estimate accuratelyare also neglected and the hifirofile used is taken from the
such a scaling factor. Indeed, the @ertical distribution TM4 model (see Sect.2).

depends only on the air density, which can be calculated

4.2 Measured versus simulated slant columns
from pressure and temperature measured onboard the plane.

Moreover, aerOS(_)I scattering, the major uncertainty source i_qn Fig. 8, O; and NG measured DSCDs are compared
.04 SCP calculations, can be neglected above 6.km ar_1d th'%vith simulations for the spectra recorded between 09:16 and
is confirmed by comparing measurements and simulations. 10:01 UTC during the as0831 flight. The upper panel shows
To quantify the Q residual slant column in the reference the aircraft altitude and the telescope line-of-sight angle.
spectrum (SCR) and the DSCD correction factos), we During the period considered, the aircraft was flying at high
apply a linear regression between measured DSCD and cakltitude (6 km) before descending to the marine boundary
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not (right). The latter agrees better with the observations.

Fig. 8. DSCD measurements during the as0831 flight (8 April

2008). The upper panel shows the plane altitude (blue) and the tele-

scope line-of-sight angle (greer?, 8 nadir, 90 horizontal). Onthe  In contrast, the N@is stable during the descent but increases

middle and bottom panels, measured DSCD, respectively,@fid only in the boundary layer, indicating a very low N©on-

NOg, are compared with simulations. Oscillations on the DSCD centration in the free troposphere and higher values close to
series are caused by the telescope scanning. Discrepancies betwegi sea surface.

measured and simulated DSCD are larger in the boundary layer
where true aerosol extinction and N®@oncentration are different
from the model.

NO, DSCD (molec.cm2) O, DSCD (molec®.cm™®)

' Deviations between measured and simulated DSCDs indi-
cate differences between the true state of the atmosphere and
the radiative transfer parameters used. This is visible at the
end of the two DSCD series, corresponding to the boundary
layer. In this region, aerosol extinction is no longer negligi-
layer and continuing with a level flight at 300m. The two ple and the N@ concentration is higher than the one in the
lowest panels display the measured and simulatgdui model atmosphere.

NO, DSCD series. The telescope kept scanning during the

whole period, which explains the variations in the DSCDs. 4.3 NO;: Influence of the stratosphere and detection

These oscillations are qualitatively reproduced by the sim- limit

ulations, which indicates the radiative transfer in the model

atmosphere approximates the measurements correctly. THeor NO,, the SCD simulations reveal a substantial influence
O4 slant column series are closer to the simulations than thef stratospheric N@ overhead although our measurements
NO,, especially at high altitude, due to the weak aerosol ex-were performed in the troposphere. This effect can be clearly
tinction there and the known vertical distribution of ®he identified in Fig.9, which compares measured NOSCDs
oscillations are anticorrelated for the two species during theduring the sounding and simulations with and without tak-
high altitude part. This is due to the fact that the Nsignal ing into account the stratospheric part. The effect is particu-
at that altitude is dominated by the stratospheric contributionlarly visible at higher altitudes where discrepancies between
(see Sectd.3), and thus maximum when the telescope pointsthe measurements and simulations without the stratospheric
upward, while the @ concentration is largest at the ground, part are larger than discrepancies when taking into account
and so DSCD is highest when the telescope looks downwardhe stratosphere. Since the N@oncentration is low in the
The altitude dependence is also different for the two speciesfree troposphere, the signal originates mostly from the strato-
The Oy DSCD, beside the oscillations, systematically in- sphere and the boundary layer, where aN&er is detected
creases during the descent, which is expected from the in{see previous section). The stratospheric influence is largest
crease of air density. In the boundary layer where the aerosavhen the telescope points upward, towards the stratosphere,
extinction limits the optical path, the DSCD decreases againwhereas the opposite is valid for the boundary layer.
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Fig. 10. Comparison of the aerosol extinction profile retrieval using linear (left) and logarithmic (right) weighting functions for the sounding
of the as0831 flight (8 April 2008). For the same a priori, the logarithmic retrieval agrees better with an extinction profile calculated from in
situ size distribution. Averaging kernels indicate also a higher sensitivity of the retrieval to the true state in the logarithmic case.

To constrain the stratospheric M@ontent in our simu-  telescope pointing slantwise downward when the aircraft is
lations, we have used measurements of stratospheric NQOat low altitude. A similar problem has been mentioned for
columns obtained from the OMI satellite instrument, which DOAS ground-based measurements in the same re@fdn (
was flying above the sounding area, precisely at 09:42 ortrock et al, 2004). Increasing the albedo improves the situ-
the orbit 19850. Assimilated vertical stratospheric columnation for these points but deteriorates it for the oth&kst-
(2.91x 10 molec cnT?) from the DOMINO data product trock et al. suggested that the presence of thin clouds might
(see Sect3.3) have been used to scale to the TM4 vertical explain the problem. Such clouds were not noticed during
distribution in the stratosphere. this part of the flight so the problem could arise from an-

We estimate the minimum detectable DSCD as corre-other cause, e.g. a small BRDF effect on the albedo. The
sponding to an optical density of two times the DOAS fit measurements below the horizon were not considered for the
residual root mean square deviation (RMSD). Convertingretrievals.
this minimum DSCD to a vertical column density requires  Figurel0shows the retrievals of the vertical distribution of
knowledge of the enhancement factor between the VCD anderosol extinction coefficient for the sounding at Rl 22° E
the DSCD, namely the air mass factor (AMF), which can on 8 April 2008. The panels a and b correspond to the lin-
be derived from simulations. The detection limit is thus ear retrieval, i.e., assuming Gaussian statistics on the a priori,
ZRMSD where o is the NG cross-section value. With a the panels c and d to the logarithmic retrieval and the lognor-
RMSD of around 2.k 104 (Fig. 3) and an AMF in the = mal a priori (see Sec8.3). Averaging kernels (panels a and
boundary layer of around 10, the minimum detectable ver-C) are different for the two methods. They do not represent
tical column is 7.3x 1013 moleccnt?. Assuming a homo- the same quantity in linear and logarithmic scale but indicate
geneous layer 1km thick, this corresponds to a concentrathat the logarithmic retrieval is more strongly constrained by
tion of 6.6x 108 molec cnt3 and a volume mixing ratio of the measurements than the linear one, the DOFS being re-
27 pptv. Taking the NO/N@ratio of 0.5 given byRidley spectively 4.6 and 2.06. For the linear case, the averaging
et al. (2000 in similar conditions, this leads to a total NO kernels get very close to zero above 3 km altitude, where the
mixing ratio of 40 pptv. These detection limits are below the a priori extinction is 0.001. The retrieved profiles are simi-
50 pptv achieved with commercial airborne chemilumines-lar below 3 km altitude, with an extinction in the boundary
cent analyzersAncellet et al, 2009, but above the 2 pptv layer of 0.04+ 0.005 knrl. Above 3km altitude the linear
mentionned byRidley et al.(2000 for a custom-made in- retrieval, due to the averaging kernels, remains close to the
strument using also the chemiluminescence technique. a priori profile, whereas the logarithmic retrieval exhibits a

layer with enhanced extinction (0.610.003 knt1) around
4.4 Retrievals of aerosol extinction coefficientand N@ 4 km altitude.
concentration For the linear case, the loss of sensitivity to the measure-
ments above 3km is explained by the low a priori extinction
Preliminary retrievals demonstrated the difficulty to repro- in these layers. As mentioned in SeBt3, the a priori co-
duce quantitatively the measurements corresponding to theariance matrix $;) we use is diagonal, each element being
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Fig. 11. Comparison of the N@profile retrieval using linear (left) and logarithmic (right) weighting functions for the sounding of the as0831
flight (8 April 2008). The two panels show the respective averaging kernels and retrieved profiles. The results are very close, contrary to the
aerosol extinction retrieval.
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Fig. 12. Retrieved extinction and N&profiles for the sounding of the as0833 flight (9 April 2008). Under 3 km high, the radiative transfer
is too strongly affected by clouds to enable quantitative retrievals. Around 4 km high, an enhanced layer is measured for both extinction and
NO,.

the variance of the aerosol extinction in the considered layer. We show in the same figure an extinction profile calculated
Tuning these variances to optimize the retrieval is a trade-offfrom the measured aerosol size distribution (see $eg).
large variances lead to small constraints of the a priori com-using a Mie scattering modeM@atzler, 2002 Bond et al,
pared to the measurements and thus higher DOFS. On the00§. We assume in the calculation a constant complex
other hand large variances imply consideration of negativerefractive index of 1.5 + 0.01 a value taken fronTomasi
values of the probability density function as non-negligible et al.(2007). One of the aerosol samplers, the PCASP which
if their square roots (the standard deviation) gets close to theneasures the aerosol size distribution between 0.1 and 3 um,
mean, i.e. the apriori extinction ixy. This is the case for could not be completely calibrated during the campaign. The
small a priori extinction values, i.e. the ones above 3 km al-missing calibration mainly affects aerosol extinction calcu-
titude. Negative aerosol extinction values are non-physicalated for the marine boundary layer, where large sea-salt
and not supported by our model. It was thus necessary wheaerosols may be present. Nevertheless, the Mie calculation
building theS; matrix to set variances small enough to avoid provides information about the shape of the true profile. The
negative values, especially above 3 km altitude, reducing thenhanced extinction layer at 4 km altitude in the Mie calcu-
sensitivity in these layers. lated profile is obtained only with the logarithmic retrieval.
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Fig. 13. Ozone and CO in situ measurements together with lidar total attenuated backscatter ratio during the two soundings. On the second
one (9 April 2008) a layer with enhanced CO above 3.7 km indicates pollution transport.

The same holds true for the second flight, indicating that antween 1 and 4 km altitude and (c) the higher troposphere with
assumed lognormal probability density function (pdf) for the negligible concentrations. In the boundary layer the cor-
distribution of extinctions is well suited. responding N@ volume mixing ratio is 66t 19 pptv, well

A drawback of the logarithmic retrieval scheme with re- above the detection limit of 40pptv calculated in the pre-
spect to the linear one is a slower convergence, it generallyious section. No in situ measurements are available for

takes five iterations for the former as compared to two for thecomparison but inte%rating the |02rofi|e leads to a tropospheric
latter. This may come from a smaller degree of linearity in column of 1.99x 10*moleccnt®. The OMI tropospheric

the logarithmic statement of E®)(as mentioned bgchnei-  column extracted from the DOMINO product at the sound-

der et al (2006 for water vapor retrievals from ground-based ing time above the area is 1.7855.146x 10" molec C_m?- _
infrared spectra. A second limitation comes with a likely un- This value is close to our measurement but it lies inside its
derestimation of the errors, when the retrieved extinction isWn error bars, which indicates that such low Néoncen-
low, e.g., for altitude above 5 km (see Fig. 10). This is due totrations can barely be detected by OMI. _

the logarithmic behavior toward small values (see S:6). Figure 12 presents the extinction and NQetrievals for
Indeed, in Figs10, 11and 12, error bars correspond to the the sounding at 70N 17.8’E on 9 April 2008. The radia-
square root of the diagonal elements of the total error covarifive transfer was complicated by clouds close to the surface,
ance matrix. Converting a logarithmic error covariarig) ~ SC Our retrievals start at 3km altitude. We use the loga-
to a linear one$,) often implies a Taylor expansion leading Tithmic case for the extinction retrieval. The DOFS value
to the simple expressioB, = xSx, as detailed inDubovik 1S low (0.27) but nevertheless the retrieved profile is dis-
et al, 1995. It is clear from this expression that for small tinctly different from the a priori and exhibits an extinc-
values the associated covariance is small. In our case, wiion maximum, 0.025:0.005kn* at 4 km altitude, which

do not apply the Taylor expansion and use the exponentialS @lSo Visible in the extinction calculated from the size
of the logarithmic error, but the problem is the same. Thesedistribution. A maximum in the N@ concentration of
problems and a more detailed analysis of what the lognormal-95+ 0.2 10° molec cn7® is also observed at the same al-
assumption can bring to the extinction retrieval from DOAS litude. For this NQ retrieval, the DOFS value is 1.44.
measurements deserve further attention, but this is outside
the scope of this paper. 5

Figure 11 shows the retrievals of the vertical distribution
of the NG concentration during the same sounding on 8 Figure13 shows in situ measurements of ozone and CO dur-
April 2008. In this case, the linear and logarithmic ap- ing the two soundings studied here, together with total at-
proaches yield similar results. The averaging kernels indi-tenuated backscatter rati® measured with the lidar at 532
cate a fairly constant sensitivity for the whole sounding with and 1064 nm . This quantity, describedda Villiers et al.
typical DOFS of 5.3 and 5.7 for the linear/logarithmic case. (201Q Appendix A), tends to unity when aerosol loading de-
Three zones are distinguishable: (a) the boundary layer witltreases. For the second sounding, the lidar profile was mea-
a NO, concentration of 1.9-0.3x 10° moleccnt?, (b) the  sured above 69N, 19° E around 11:40 UTC i.e. two hours
lower free troposphere with aroundt3l x 10° molec—3 be- and 60 km off our sounding mainly since later the cloud cover

Interpretation of the retrieved profiles
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Fig. 14. Back-trajectories for the two soundings’ positions calculated for altitudes of 3.6, 4 and 4.4 km. During flight as0833 (9 April 2008),
the air masses are clearly influenced by polluted zones, i.e. the boundary layer in central Europe.

mentioned in the previous section prevented a co-locatedude smaller Yanhellemont et al.2010 and no major vol-
measurement. CO can serve as a pollution tracer due to itsanic eruptions were reported before the period of the cam-
long life time (around 20 days in the free tropospheoester  paign. From the lidar profile, it is not obvious if the structure
et al, 2001 and has both anthropogenic and natural sourcesat 3.7 km altitude with higher CO corresponds to our extinc-
many of them correlated to the sources of Nadd aerosols. tion maximum. Indeed, this is probably at the altitude of the
The first sounding (8 April 2008) exhibits anticorrelated vari- R maximum, 4.3km, even if it appears lower with the low
ations of ozone and CO volume mixing ratio (vmr) around vertical resolution of our retrieval achieved at this altitude,
the altitude where we measure an extinction enhancemergeen from the width of the averaging kernels in Ri§. On

in the free troposphere. The layer around 3.7 km altitudethe second flight, the situation is clearer: a layer with high
shows an increase of 15 ppbv CO over the level at 3km al-CO vmr and backscatter ratio occurs where our retrieved pro-
titude (150 ppbv); this corresponds to a reduction of ozonefiles of extinction and N@are maximum.

of the same order of magnitude. At 4.2km altitude, the sit- ) ) )

uation is opposite: a layer with higher ozone vmr (40 ppbv Flgqre 14 presents bapkward ar mass trajef:torlles for
over the level of 3km altitude) corresponds to a 25 ppbv re_both. flights calcuilated using the HY.SPLIT (HYbrid Single-
duction of CO vmr. Above 4.5 km altitude, weaker structures Particle Lagrangian Integrated Trajectory) model (Draxler
are still visible in the ozone profile. The lidar profile clearly and Hess, 1998) with the GDAS meteorological data serv-

shows the boundary layer, with values for 1064 nm of 2.8 ing as input. To understand the vertical variability around

at 0.8km altitude, and other layers in the free troposphere4 km altitude in the two cases, the calculations start at 3.6,

in particular at 4.3 km altitude, where R is around 1.8. Dur- 4 @nd 4.4 km altitude for both soundings and consider a pe-
ing the second sounding (9 April 2008), ozone is increasingrIOd _Of 10 day_s. HYSPLIT back tr_aject_o_rles cal_culated for

smoothly from 50 to 60 ppbv with height, but CO presents thg first S(_)undlng suggest a potential mixing of high and low
two layers with enhanced vmr, around 2.7 km (+35 ppbv) andaltltude air masses: the air at 4km appears to come from
from 3.5km to 5km (+50 ppbv). These layers are correlatedthe boundary layer close to Iceland and is sandwiched be-

with enhancement of th& values (respectively 2.3 and 1.8) [WEEN o air masses originating from higher up in the at-
mosphere. At 4.4km height, the air originates from above

Anticorrelations between higher ozone concentration andhe North pole and stayed mainly above 7 km altitude dur-
CO have been observed in previous aircraft measurementag the last 10 days, which agrees with the high measured
(Koike et al.(1997 Zahn et al.(2000, Stohl et al, 2007). ozone mixing ratios. The measurements of the first sound-
They have been explained by a stratospheric origin of the obing can thus be explained by a mixing of stratospheric and
served air or mixing with stratospheric air. The extinction boundary layer air masses. HYSPLIT results for the second
layer around 4 km detected by our measurement during thesounding are again easier to interpret: the air mass at 4 km
first sounding is unlikely to come from the stratosphere sincealtitude originate from the central European boundary layer,
the background extinction observed is one order of magniwhere it has been lifted two days before the measurements.
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Fig. 15. CO and NG source contributions for the altitude with maximum CO concentration in the two soundings. Europe appears the
dominant source and its influence is much larger on the second sounding (9 April 2008).

This back-trajectory explains the more polluted air mass oftion source regions in Europe. The lifetime of N@epends
the second flight in the free troposphere, with higher CO andon the meteorological conditions, its main diurnal sink being

aerosol extinction, compared to the corresponding air masghe reaction with OH, and at night, the hydrolysis ¢id4¢ on

in the first sounding.

The presence of the short-lived N@ the Arctic is usu-
ally explained by peroxyacetic nitric anhydride (PAN) de-
composition Stroud et al. 2003, from local sources like
ships Wittrock et al, 2004 or snow photochemistryHon-
rath et al, 1999. The back-trajectories of Fig. 14 tend to
eliminate the last two options for the free troposphericoNO

observed during the second flight. The air does not com
from a close marine or snow-covered boundary layer. Con
sidering PAN decomposition, which occurs mostly in sum-

mer Beine and Krogne000, the temperature at the alti-
tude of the detected layer, 255K is too low for it to be signif-
icant (Stroud et al.2003. These considerations and the cor-
relations between the CO, aerosol extinction and N@er
suggest that this NOwas directly transported from pollu-

Atmos. Chem. Phys., 11, 9219236 2011

aerosolsEvans and JacgR005. This lifetime can however

be approximated by a decreasing exponential depending on
the surrounding air mass temperature. According to the study
of Dils (2008, this lifetime is 2.14 days with an in situ tem-
perature of 255K. This result is close to the lifetime of NO
presented irStroud et al(2003, which is above 2.5 days.
The back-trajectory of the second flight indicates that the air
dnass was in a polluted boundary layer 2 days before the mea-
‘surement, which supports the idea of transporte¢.NO

We also ran the Lagrangian Particle Dispersion Model
(LPDM) FLEXPART version 8 &tohl et al, 2005 20
days backward from short segments along all campaign
flights (see http://transport.nilu.no/flexpart-projects?cmp=
POLARCAT_FRANCE. The output of these calculations
are emission sensitivitiess{ohl et al, 2003, which can be

www.atmos-chem-phys.net/11/9219/2011/
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Footprint emission sensitivity at altitude 400 m ing mostly from the Kola Peninsula) is much larger than

S ) the measured NOmixing ratio. Furthermore, emissions on
the Kola Peninsula are notably uncertain, with known errors
in the emission inventories. In particular, NOx emissions
transported from Nikel which is located on the western Kola
Peninsula are apparently too low and appear erroneously at-
tributed in the inventories to emissions of MurmanBkahk
et al, 2010. Emissions from the smelters are sulfur-rich,
so that it is likely that the observed aerosols are mainly sul-
fate. The smelter emissions are relatively poor in CO, so the
| LA Ty - small measured CO enhancements are not contradictory to
ns/ kg

6 Conclusions
Fig. 16. Footprint emission sensitivity for the air in the boundary
layer of the 8 April 2008 sounding, where enhanced,N©mea-  \We have retrieved vertical distributions of the aerosol extinc-
sured. tion coefficient and N@ concentration using a recently de-

veloped airborne DOAS instrument flown on board the ATR-

42 during the POLARCAT-France campaign in spring 2008
used to interpret transport processes and to identify potenbetween continental Norway and Svalbard. The instrument
tial pollution source regions. When ignoring removal pro- recorded scattered skylight spectra at the horizon, in which
cesses and multiplying the emission sensitivities with emis-NO, and Q, absorption structures were identified. The lat-
sion flux densities of CO and NOwe obtain maps of source ter were used to infer aerosol extinction profiles at 360 nm,
contributions, identifying the areas where pollution sourceswhich were included in the Nprofile retrievals. The re-
contributed to the sampled air mass. The emission data wasults were then interpreted using ancillary in situ chemical
taken from the EDGAR v32 databas®livier et al, 2005 measurements and transport models back-trajectories.
globally but EMEP emissions were used for Europe. Brows-  For a sounding performed on 8 April 2008, the retrieved
ing the source contributions along the soundings, local maxextinction is 0.04t0.005knT?! in the boundary layer and
ima are found for the CO source contributions close to thea smaller extinction layer (0.0% 0.003 knt1) appears at 4
altitude where the in situ sounding vmr are the largest. Forkm altitude. NQ is also present in the boundary layer, its
the second flight, the Nfsource contribution is maximal at retrieved concentration being H90.3x 10° molec cnt3.
4km altitude. According to Fig. 15, NOs released in the  For a sounding performed on the 9 April 2008, a layer
same regions as CO, namely over Europe, especially ovefith enhanced extinction and NOwas detected at 4 km
Poland. The total simulated CO mixing ratio of 57 ppbv ac- altitude, with respective values of 0.02%.005knT! and
cumulated for 20 days prior to the sounding is close to the1. 95+ 0.2 x 10° molec cnt3.
measured CO enhancement over the background. During For both soundings, the extinctions inferred for the free
the first flight, the simulated CO tracer enhancement is |ES$roposphere match layers of enhanced CO which indicates
than 9 ppbv, in agreement with the small measured CO enpollution transport. The magnitudes are however very differ-
hancements. In this case, CO sources located in Northwesgnt. The small extinction detected in the first sounding is ex-
ern Europe are responsible for the detected CO enhancemerplained from back-trajectories indicating a mixture of strato-
Notice that the simulated total NQracer measurements are spheric air and polluted air transported from Northwestern
much larger than the measured Necause the model accu- Europe, whereas for the second sounding the air masses orig-
mulates emissions over 20 days without considering removajnated mostly from central Europe. The aerosols ang NO
processes. In reality, only a fraction of the N@mitted over  seen in the boundary layer during the first flight seem to
the last 20 days is transported to the measurement locatioBriginate from metal smelters and industry near Nikel on the
and only a fraction of it is present as NO Kola peninsula. The N@layer at 4 km altitude observed dur-

Considering the boundary layer N@bserved during the ing the second flight seems to have been directly transported

first flight, footprint emission sensitivities shown in Fip from central Europe with the CO and aerosols.
indicate that the surface areas influencing the air mass are The instrument and the inversion method successfully ful-
Northern Lapland, parts of the Kola peninsula and Barentdilled the scientific objectives of the study, yielding quan-
Sea. While FLEXPART does not indicate a large CO or titative insights into the chemical composition and aerosol
NO, source contribution from these areas, transport timesontent of the Arctic troposphere, with a vertical resolution
from the Kola Peninsula were less than 1 day and even th@&nachievable from ground or satellite, especially in the free
small (1 ppbv) simulated N©tracer mixing ratio (originat- troposphere. The logarithmic approach used for the aerosol

www.atmos-chem-phys.net/11/9219/2011/ Atmos. Chem. Phys., 11,923§-2011
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extinction, which yielded better agreement with ancillary  Profile retrieval using airborne multi axis UV-visible skylight

y g r
data in the two studied cases, should be further investigated absorption measurements over central Europe, Atmos. Chem.
as it could also improve ground-based retrievals. The exper- Phys., 6, 3049-30580i:10.5194/acp-6-3049-200B006. _
iment could be repeated in other areas to measure profiles ¢thance, K. V. and Spurr, R. J. D.: Ring effect studies: Rayleigh
all species potentially detectable with the DOAS technique in scatter!ng, including molecular parameters for rota_nonal Raman
our spectrometer spectral range. The high sensitivity could SC2ltering. and the Fraunhofer spectrum, Appl. Optics, 36, 5224~

. . . 5230,d0i:10.1364/A0.36.005224.997.

be further increased by adding a feedback on the scanning,

L . i éemer, K., Van Roozendael, M., Fayt, C., Hendrick, F., Hermans,
telescope to maintain it parallel to the horizon. We believe C., Pinardi, G., Spurr, R., Wang, P., and De Maej M.: Mul-

interesting future applications could concern molecules for jpje wavelength retrieval of tropospheric aerosol optical proper-
which fewer observations are available, such as IO which de- ties from MAXDOAS measurements in Beijing, Atmos. Meas.
serves further investigations due to its importance in ozone Tech., 3, 863-878]0i:10.5194/amt-3-863-201Q010.
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