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Abstract. We present aerosol and trace gas profiles derived The MAX-DOAS inversion results are compared to inde-
from MAX-DOAS observations. Our inversion scheme is pendent measurements: (1) aerosol optical depth measured
based on simple profile parameterisations used as input foat an AERONET station at Ispra; (2) near-surface,N@d

an atmospheric radiative transfer model (forward model).HCHO (formaldehyde) mixing ratios measured by long path
From a least squares fit of the forward model to the MAX- DOAS and Hantzsch instruments at Bresso; (3) vertical pro-
DOAS measurements, two profile parameters are retrievediles of HCHO and aerosols measured by an ultra light air-
including integrated quantities (aerosol optical depth or tracecraft. Depending on the viewing direction, the aerosol op-
gas vertical column density), and parameters describing théical depths from MAX-DOAS are either smaller or larger
height and shape of the respective profiles. From these rethan those from AERONET observations. Similar compari-
sults, the aerosol extinction and trace gas mixing ratios carson results are found for the MAX-DOAS NQOnixing ra-
also be calculated. We apply the profile inversion to MAX- tios versus long path DOAS measurements. In contrast,
DOAS observations during a measurement campaign in Mithe MAX-DOAS HCHO mixing ratios are generally higher
lano, Italy, September 2003, which allowed simultaneousthan those from long path DOAS or Hantzsch instruments.
observations from three telescopes (directed to north, wesiThe comparison of the HCHO and aerosol profiles from the
south). Profile inversions for aerosols and trace gases weraircraft showed reasonable agreement with the respective
possible on 23 days. Especially in the middle of the cam-MAX-DOAS layer heights. From the comparison of the re-
paign (17-20 September 2003), enhanced values of aerosslilts for the different telescopes, it was possible to investigate
optical depth and N@and HCHO mixing ratios were found. the internal consistency of the MAX-DOAS observations.
The retrieved layer heights were typically similar for HCHO  As part of our study, a cloud classification algorithm was
and aerosols. For N© lower layer heights were found, developed (based on the MAX-DOAS zenith viewing direc-
which increased during the day. tions), and the effects of clouds on the profile inversion were
investigated. Different effects of clouds on aerosols and trace
gas retrievals were found: while the aerosol optical depth is
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NO, mixing ratios are only slightly affected. These findings their advantages and disadvantages, and that the importance
are in basic agreement with radiative transfer simulations. of these advantages and disadvantages is seen differently by
different research groups. In our opinion, a main disadvan-
tage of our approach is that it can not retrieve “complex”
profile shapes like e.g. two layer profiles. One of the main
advantages is that it is a very stable and robust method (see
1 Introduction below).
Our forward model uses a simple profile parameterisation

MAX-DOAS instruments measure scattered sun light from scheme with only three parameters (for details see Sect. 3.1),
different, mostly slant elevation angles, thus having a highwhich is used as input for a radiative transfer model. The ac-
sensitivity to trace gases and aerosols located close to thgjal profile inversion process consists of a least squares fit of
Earth's surface (e.g. dhninger et al., 2002; Van Roozen- the forward model results to the results of the MAX-DOAS
dael et al., 2003; Wittrock et al., 2004; Wagner et al., 2004;measurement. The fit yields the profile parameters (and as-
Brinksma et al., 2008 and references therein). In addition tosociated uncertainties), which fit best to the measurements.
the retrieval of trace gas mixing ratios or aerosol extinction One general problem with all inversion algorithms for
close to the surface, information on vertical profiles and ver-MAX-DOAS observations is the difficulty to accurately de-
tically integrated quantities (vertical trace gas column densitytermine the errors of the profile inversion results. This dif-
(VCD) or aerosol optical depth (AOD)) can be retrieved. ficulty is caused by several reasons. First, the information

In recent years, several algorithms for the quantitative re-content of the measurement is limited and thus only averaged
trieval of trace gas and aerosol properties from MAX-DOAS quantities (e.g. the average trace gas concentration for a spec-
observations have been developed and applied by differerified layer) can be retrieved. Second, ambiguities arise be-
research groups (e.g. Heckel et al., 2005; Irie et al., 2008¢gause in principle quite different atmospheric profiles could
Clémer et al., 2010; Li et al., 2010), and also some com-cause similar MAX-DOAS results. Third, especially for the
parison studies with independent data sets have been petrace gas profile inversion, the retrieval process is complex:
formed (Heckel et al., 2005; Irie et al., 2008;é@ler et  the trace gas results do not only depend on the measured
al., 2010; Li et al., 2010; Zieger et al., 2011). Currently, trace gas absorptions, but also on the results of the aerosol
the development and application of profile retrieval algo- profile inversion (first step of the profile inversion). Fourth,
rithms for MAX-DOAS observations is a very active field of simplified assumptions are used in the forward model, e.g.
research; recently a comprehensive measurement campaigiorizontal homogenous distributions. However, in reality
with contributions from many research groups was con-horizontal gradients and transport of air masses might exist,
ducted in Cabauw, The Netherlands (Cabauw Intercomparwhich affect the MAX-DOAS retrievals. Fifth, the measure-
ison campaign of Nitrogen Dioxide measuring Instrumentsments can be affected by systematic errors (e.g. wrong trace
(CINDI), http://www.knmi.nl/samenw/cindi{see Roscoe et gas absorption cross sections, wrong aerosol optical proper-
al., 2010 and references therein). Usually MAX-DOAS in- ties, wrong adjustments of the telescopes, or the presence of
version algorithms use a two-step approach: in the first stepclouds). Due to all of these reasons, deriving a reliable error
aerosol extinction profiles are retrieved from the measuredestimation from the MAX-DOAS inversion process is diffi-
absorption of the oxygen dimers@e.g. Heckel et al., 2005; cult. Here it should be noted that this is also true for retrievals
Sinreich et al., 2005; Li et al., 2010; &her et al., 2010). In  using optimal estimation. One important way to quantify the
a second step, trace gas profiles are retrieved from the me&rrors is thus validation by the results of independent mea-
sured trace gas absorptions, taking into account the aerosgurements.
properties retrieved in the first step. In this study we apply our profile inversion algorithm

The information content of MAX-DOAS observations in to MAX-DOAS observations during the FORMAT-1I cam-
the UV is typically limited to 2—3 independent pieces of in- paign in Milano (ltaly) in late summer 2003 (for details
formation for the retrieved vertical profiles (see Friel3 et al.,see Sect. 2). Note that an initial study on MAX-DOAS
2006; Cemer et al., 2010). Thus, most inversion algorithmsretrievals for a limited period was already conducted by
are based on the optimal estimation method making explicitHeckel et al. (2005) and Wittrock (2006). Measurements
use of a-priori profiles and associated uncertainties (Rodgergjuring the FORMAT-II campaign are well suited to assess
2000). In this study we apply a MAX-DOAS inversion al- the accuracy of the profile retrieval, because several inde-
gorithm for trace gases and aerosols, which uses a differergendent measurements are available for comparison: HCHO
strategy and does not include explicit a-priori profile infor- and NG mixing ratios were measured by a long path (LP-)
mation and associated uncertainties, but instead assumptiof3OAS instrument (see Sect. 2.1); HCHO was also measured
on the relative profile shapes only. This method was recenthby a Hantzsch instrument at ground. Vertical profiles of
introduced by Li et al. (2010); here we apply a slightly mod- HCHO and aerosol concentrations are available from obser-
ified version. It should be noted that both retrieval methodsvations from an ultra light aircraft (see Sect. 2.2). AOD was
(optimal estimation and the parameterisation approach) haveneasured by a sun photometer at the AERONET station at
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Ispra fttp://aeronet.gsfc.nasa.gov/neveb/index.htmlalso
see Holben et al., 2001).

Another advantage of the MAX-DOAS instrument used in =
this study is that simultaneous measurements are performed f %, S ZLS ?O/;,i -
from three different azimuth directions. From the compari- '
son of the respective results, information on the consistency [#= "2 2
of our inversion algorithm can be obtained. '

In this study we also investigated the effects of clouds
on the MAX-DOAS observations. We developed a cloud
discrimination scheme, which is based on thg &sorp-
tions and radiances observed from the zenith. By this [}
scheme three types of measurement conditions can be dis
criminated: clear sky conditions, “thin” clouds, and “thick” B

during the FORMAT-II campaign are classified, and the ef-
fects of clouds on the MAX-DOAS observations are investi-
gated. Cloud effects are also simulated by radiative transfeFig. 1. Location and viewing directions of the different instruments
modeling. at the airfield in Bresso.

The paper is organised as follows with in Sect. 2 an
overview of the measurement campaign. In Sect. 3 theBresso [ittp://aeronet.gsfc.nasa.gov/neveb/index.htm|
MAX-DOAS inversion algorithm is described. Section 4 also see Holben et al., 2001). During the FORMAT-II
discusses the basic effects of clouds on MAX-DOAS ob-campaign, three periods with different weather conditions
servations and introduces the cloud discrimination schemecan be distinguished: before 15 September and after
Section 5 presents selected retrieval results and a systen2? September, variable conditions prevailed, while between
atic comparison to independent measurements. In Sect. 6 thE5 and 22 September a period with stable conditions, clear
main findings are summarised. skies, and relatively high temperature occurred (Steinbacher

et al., 2005a; Hak, 2006; Junkermann, 2009).

2 FORMAT-II campaign 2.1 Long Path DOAS

We investigate MAX-DOAS observations performed With the active Long Path DOAS (LP DOAS) instrument,

in September 2003 during the FORMAT-Il campaign trace gases present along a defined absorption path can be
(“Formaldehyde as a tracer for oxidation in the tropo- measured. The LP DOAS applies a 500W Xenon high-
sphere”, seavww.nilu.no/format). The FORMAT project  Pressure lamp as artificial broad-band light source. Absolute
focused on measuring, modelling and interpreting HCHOconcentrations can be determined from the measured col-
in the heavily polluted region of the Po-Valley in Northern umn densities by knowing the length of the absorption path
ltaly (see e.g. Hak, 2006; Liu et al., 2007; Junkermann,between the sending and receiving telescope (see Platt and
2009). During the campaign various in-situ and remoteStutz, 2008) and an array of retro reflectors.

sensing measurements were performed at different ground- During the FORMAT-II campaign, long path DOAS sys-
based stations in the region of Milano and from different tems of different types were applied at three different sites
aircraft-based instruments. The MAX-DOAS measurements(Hak et al., 2005; Hak, 2006). At Bresso, an instrument
used in this study were made at Bresso (45159.2E, capable of simultaneously transmitting and receiving mul-
located in the northern part of Milano, Italy) from 4 to tiple light beams was used (see Pundt and Mettendorf, 2005
26 September 2003. The results of the MAX-DOAS for details). The data used here was obtained from a light
measurements are Compared to the results from two othé})eam directed to a church 1330 m north of the measuring site.
instruments also located at Bresso: i\@]d HCHO mixing The measurements cover the Wavelength range 283-372nm.
ratios from a long path DOAS (LP-DOAS) instrument (Hak, The spectra integration time was typically between 40 and
2006) and HCHO mixing ratios from a Hantzsch instrument100s. The absorption spectra were evaluated in the range
(Junkermann, 2009). The locations and viewing directions 0f300-360 nm, applying the DOAS method (Platt and Stutz,
these instruments, along with the MAX-DOAS, are shown in 2008). The accuracy of a DOAS measurement is influenced
Fig. 1; the instrumental details are described in the followingmostly by the accuracy of the used reference cross-section of
sections. The MAX-DOAS results are also compared tothe investigated species, i-e6 % for HCHO and~4 % for
HCHO and aerosol profiles from an ultra light aircraft and to NO2. For the LP DOAS measurements, the detection lim-
total aerosol optical depth observations from the AERONETIts for HCHO and NQ during the FORMAT-II period were
station at Ispra (45°, 8.6’ E), about 50 km north-west of 0.9 ppbv and 0.6 ppbv, respectively.
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2.2 Hantzsch Fraunhofer lines dominating the measured spectra, another
spectrum is also included in the spectral analysis (usually re-
The Hantzsch technique is based on a sensitive liquid phaskerred to as Fraunhofer reference spectrum). Thus, the result
detection following a continuous transfer of HCHO from of the DOAS analysis represents the difference of the SCDs
ambient air into a washing solution in a temperature con-of the measured spectra and the Fraunhofer reference spec-
trolled stripping coil. A reaction with 2,4-pentanedione (i.e. trum, often referred to as differential SCD or DSCD. There
acetylacetone) in ammonium acetate buffer solution formsexist two basic choices of Fraunhofer reference spectra: of-
3,5-diacetyl 1,4-dihydrolutidine (DDL), which can be de- ten a fixed Fraunhofer reference spectrum is used to analyse
tected with high sensitivity by fluorescence (Kelly and For- all measured spectra during a selected period (e.g. a com-
tune, 1994). The technique is the basis for a commerplete measurement campaign). If a fixed reference spectrum
cial instrument: AL4001 (AERO-LASER GmbH, Garmisch- is used, the retrieved DSCDs not only represent the effects
Partenkirchen, Germany) having a detection limitk&0 ppt ~ of the different viewing angles, but also the variations of the
and a time resolution of 90 s. The accuracy and precision aratmospheric trace gas concentrations and the solar zenith an-
indicated ast15 % or 150 pptv and=10 % or 150 pptv, re-  gle between the time of the measured spectra and the Fraun-
spectively (Hak et al., 2005). These instruments were usedhofer reference spectrum. Another choice would be to use
for ground-based measurements at three field sites durinthe respective 90elevation spectra for individual elevation
FORMAT-II. Additionally an upgraded lightweight version sequences to analyse the spectra of the same elevation se-
of the instrument (Junkermann and Burger, 2006) was flownguence. For this choice the retrieved DSCD simply repre-
several days on an ultra light research aircraft to measurgents the effects of the different viewing geometry and are
the horizontal distribution of formaldehyde in the greater referred as dSCP(with « the elevation angle) in the follow-
Milano area and its vertical profiles north of Milano up to ing (while DSCD is used in a general sense). dS@Bn be
~3000ma.s.l. The instrument on the ultralight aircraft is directly used for the profile inversion.
an upgraded system with a new small size fluorimeter with In this study we use a fixed Fraunhofer reference spectrum
better temperature stabilization than the commercial instru{one for each telescope) for the complete campaign. Thus
ments used at the ground. The better temperature stabbefore the DSCDs of an elevation sequence are used for the
lization results in both, improved precision and accuracy.profile inversion, the DSCD for the 90neasurements of the
For this instrument the accuracy is 10 % or 100 ppt (Junkersame elevation sequence is subtracted to derive the respective
mann and Burger, 2006). Besides HCHO, also profiles of thedSCL, (see Sects. 3.4 and 3.5).
aerosol concentration were measured (Junkermann, 2009). The Fraunhofer reference spectrum in this study was
recorded at noon on 14 September 2003. On this day, clouds
2.3 MAX-DOAS instrument and spectral retrieval were absent and the aerosol load was small (AOD: 0.14 at
the AERONET station at Ispra).
The MAX-DOAS instrument observes scattered sun light From the retrieved @ DSCDs (in contrast to N@and
from three telescopes, which are connected via glass fibr¢iCHO) so called air mass factors (AMFs) can be directly
bundles to a spectrograph with a two dimensional CCD-calculated. The AMF is defined as the ratio of the SCD and
detector (see Wagner et al., 2004, 2009). Before 12 Septenthe vertically integrated trace gas concentration (VCD) (see
ber 2003 all telescopes were directed towards the south (az.g. Solomon et al., 1987):
imuth angle of 185 with respect to north, see Fig. 1). After
12 September 2003, one telescope continued measuremerft$F =SCD/VCD @)
in southerly direction, but the others were now directed to
north and west (azimuth angles ¢f &nd 250 with respect
to north, respectively). During the whole campaign, each

telescope sequentially scanned 5 different elevation angle%see e.g. Greenblatt et al., 1990). For the\@D at Bresso
3%, 6°,10°, 18 and 90 (zenith); a single measurement took i study a value of 1.2 10*3moled cm~> was used for

abqut 90 s (afull sequence including motor movements thu?he conversion of the §SCDs into Q AMFs (see Wagner et
taking about 10 min). The measurements cover the waveéll, 2009). The influence of changing air pressure on the O

length range 320-457 nm with a spectral resolution of abou\/CD is below 2% and can be neglected. Also the effect of

0.75nm (FWHM). _ changing temperature is expected to be negligible, but more
The MAX-DOAS spectra were analysed using the DOAS gigiic it to be quantified, because of the rather large uncer-

method (Platt and Stutz, 2008), details can be found in Wagtainty of the temperature dependence of thecfdss section

ner et al. (2004, 2009). From the spectral analysis the in-(See e.g. Wagner et al., 2002). The advantage of the conver-

tegrated trace gas concentration along the atmospheric al;q, Q, SCDs into Q AMFs is that the measured,AMF

sorption path, the so called slant column density (SCD) isc4 pe directly compared to the output of the radiative trans-
retrieved. In this study we analyse the DSCDs of NO ¢4 simulations (see Sect. 3.2).

HCHO and the oxygen dimer O To remove the strong

Since the atmosphericQrofile is known (it varies slightly
with temperature and pressure), the @CD can be cal-
culated from atmospheric temperature and pressure profiles
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Similar to the definitions of the DSCD and dSgalso a
differential AMF (DAMF or dAMF,) can be defined:

DAMF = DSCD/VCD or dAMF, =dSCQ,/VCD  (2)

2689

usually only a characteristic layer height is derived, and one
could speculate whether this information is sufficient to char-
acterise a vertical profile. Nevertheless, in our opinion the
retrieval of a layer height from passive remote sensing is a

dAMF, derived in this way are used for the profile inversion
(see Sect. 3.4).

Note that the retrieved DAMFs (or DAMF or dAMF,)
were corrected by a constant factor of 0.79. This correc-5 4
tion was found to be necessary to bring our model results

unigue and very important information. Thus we will use
the term profile for the results of the MAX-DOAS inversions
presented in this study.

Profile parameterisation

and measurements under almost aerosol and cloud free Cofne trace gas and aerosol profiles used in this study are de-

ditions into agreement (see Wagner et al., 200&n@ir et
al., 2010). The reason for this correction factor is still not
understood. -

In contrast to @, the atmospheric profiles of NCand
HCHO are highly variable, and the respective VCDs are not
known beforehand. Thus no DAMF (or dAMJ-can be di-
rectly calculated from the DSCDs (or dSED As will be
shown in Sect. 3.5, the VCDs of NGand HCHO are ob-
tained from the profile inversion process.

For the interpretation of the profiles retrieved from the
MAX-DOAS observations it is important to know the hor-
izontal range, for which the MAX-DOAS observations are
sensitive: the larger the sensitivity range is the higher is the
probability that horizontal gradients affect the profile inver-
sion. The measurement sensitivity to aerosols and trace gases_
depends on the distance from the instrument location, varies
with several parameters (e.g. viewing geometry, wavelength,
aerosol and trace gas profiles), and is thus difficult to quan-
tify. Also there is a systematic geometric relationship be-
tween the probed altitude and distance for each elevation an-
gle: the sensitivity for the lowest atmospheric levels is high-
est close to the instrument. In the Supplement the horizontal
range for which the MAX-DOAS observations are sensitive
sensitivity are estimated for various conditions. It typically
ranges between a few kilometres and about 20 km. Note that
in our inversion algorithm horizontal homogenous conditions
are assumed.

3 MAX-DOAS inversion algorithm

The inversion scheme used in this study follows a two-step
approach as suggested by Sinreich et al. (2005) or Heckel et
al. (2005). First an aerosol extinction profile is determined
using the Q dAMF,, analysed from the MAX-DOAS obser-

fined by only three parameters:

VCD or AOD. They describe the vertically integrated
profile amounts, i.e. the vertically integrated concentra-
tion (VCD, see Eq. 1) for trace gases, or the total aerosol
optical depth (AOD) for aerosols.

— Layer height,L. This parameter (sometimes the in-

dexed symbold.aer, Liracegas LNO,, OF LHcHo are used)
describes the altitude, below which the trace gas con-
centration or aerosol extinction is assumed to be con-
stant (except foS > 1, see below). The values of the
aerosol extinction or trace gas concentration above that
layer decrease, depending on the third parameter:

Shape parametel§. The shape parameter describes
the relative shape of the aerosol or trace gas profiles
(sometimes the indexed symboigr, Stracegas SNO, OF
SHcHo are used). For shape parametgisetween 0 and

1, the value ofS describes the fraction of the trace gas
VCD or AOD within the layer (see Li et al., 2010). The
remaining fraction is assumed to be located above the
layer, where an exponential decrease is assumed (Fig. 2
left). Note that in contrast to Li et al. (2010), who
assumed a fixed height parameter for the exponential
layer, we use a variable scale height with the boundary
condition of a continuous transition of the exponential
function at the top of the layer. However, since the sen-
sitivity of MAX-DOAS observations decreases with in-
creasing altitude, these differences have little influence
on the profile retrieval. A shape parameter of unity de-
scribes a “box” profile with constant trace gas concen-
tration or aerosol extinction within the layer, and zero
above (Fig. 2 center).

vations. In a second step, profiles of trace gas concentrations.1.1 Elevated layers

are determined from the respective trace gas dgGilso

taking into account the aerosol extinction profiles determinedTo describe another important type of profiles with increased
in the first step. For both steps, similar profile parameterisa-aerosol extinction or trace gas concentrations at higher alti-
tions and inversion strategies are used, which are describeides (elevated layers), we extended the range of the shape
in the following sections. Our profile inversion scheme is a parametesS to values>1. Like for shape parametefs< 1,
modified version of the algorithm originally introduced by Li a general constraint is that f6r— 1, the respective profiles

et al. (2010). It should be noted that the profile information have to merge the box profil& € 1). This condition is nec-
from our retrieval is limited. Besides the integrated quantitiesessary to allow a smooth convergence of the fit.

(trace gas vertical column density or aerosol optical depth)

www.atmos-meas-tech.net/4/2685/2011/ Atmos. Meas. Tech., 4, 28852011
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Trace gas concentration or aerosol extinction

Fig. 2. Parameterisation of (relative) profile shapes used in this study. The layer height paransetet to 1 km for all profiles. Also the
vertically integrated profiles have the same value (1 artificial unit describing either AOD or trace gas VCD). For a shape paralneter
“box”-profile is obtained with zero values aboye For S <1, part of the aerosol or trace gas amount is located at altittdesvith an

exponential decrease; Shape parameierd describe elevated layers. In this study we investigate two profile parameterisations for elevated

layers: linear increasing profiles or profiles with two layers (see text).

Elevated profiles probably do not occur very frequently,

— Exponential profiles. Either “convex” or “concave” alti-

because most sources of aerosols and trace gases are located tude profiles can be described by exponential parameter-

close to the surface. Nevertheless, elevated profiles can oc-
cur, if air masses at different altitudes have different origins
(e.g. a residual layers from the previous day). In addition,
aerosols or trace gases might be formed from primary pollu-
tants apart from their sources, e.g. in elevated layers by pho-
tochemical processes (see e.g. Matsui et al., 2010). In such
cases, parameterisations for elevated layers are appropriate
to describe the corresponding vertical profiles.

Several parameterisations for profiles with elevated layers
are possible. However, one major problem arises from the
fact that according to the limited information content of UV
measurements, only up to one shape parameter can be inde-
pendently determined in the fitting procedure (measurements
at additional wavelengths can in principle enhance the infor-
mation content). One consequence of this limitation is that
profile parameterisations depending only on one parameter
might not be appropriate for different situations. For exam-
ple, a chosen profile parameterisation might be well suited
for specific height profiles, but might fail to describe height
profiles for different atmospheric situations. The advantages
and disadvantages of different possible parameterisations are
briefly described in the following:

— Linear profiles. The advantage of a linear parameterisa-
tion is that profiles with slightly increasing values with
altitude can be well described. Such profiles might oc-

isations. Compared to the linear parameterisations, such
parameterisations allow a change of the vertical gradi-
ent with altitude; thus e.g. vertically extended uplifted
layers could be well described. However, with such pa-
rameterisations it is not possible to describe linear pro-
files at the same time. Exponential profiles have to be
optimised for the description of either smooth profiles
(quasi linear) or steep vertical gradients (similar to dis-
tinct layers). Exponential profiles might thus be inter-
esting if two shape parameters could be independently
determined in the fitting process (e.g. for measurements
using different wavelengths, see Friel et al., 2006).

— Two-layer profiles. In many cases, aerosol profiles with

two separate layers (both with independent vertical ex-
tension and average aerosol extinction or trace gas con-
centration) might be a good choice. However, since
only up to one shape parameter can be determined by
the inversion routine, either the vertical extension or the
average value of the second layer has to be kept fixed,
while the other parameter could be determined by the
inversion process. Both possibilities are well suited to
describe distinct layers, but fail if smooth vertical gradi-
ents (e.g. linear gradients) have to be described, because
of the discontinuity between the two layers.

In this study, we use two parameterisations for elevated

cur if aerosols or trace gases are produced while theifayers (linear profiles and two-layer profiles). For the two-
precursors are transported upwards. An important lim-jayer profiles we fixed the value of the lowest layer (to zero)
itation of this parameterisation is that no steep verticalpyt vary the vertical extension of this layer (as described be-
gradients and no vertically extended uplifted layers canjow). Note that the term “two layer profile” is not fully appro-
be described (e.g. distinct layers with largely differing priate for the chosen parameterisation with only the amount

average values).

of one layer freely fitted (and the amount of the other fixed to

zero). However, we keep this term throughout the manuscript

Atmos. Meas. Tech., 4, 2683415 2011
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in order to be consistent with future measurements (with awere retrieved, while values for the shape parameters were
higher information content), from which amounts of two lay- prescribed (see below).
ers could be independently determined. Both parameterisa-
tions for elevated layers were chosen, because they describel.2 Determination of aerosol extinction, trace gas
two extreme cases: extended elevated layers with sharp gra- concentration and mixing ratio from the
dient at the bottom or smoothly varying profiles. profile parameters
For linear profiles, we chose a parameterisation that relates

the ratio between the aerosol extinction (or trace gas concenlN€ profile parameters determined from the inversion pro-

tration) at the surfaces and at the layer height, to the cess directly yield information on the integrated quantities,

shape parameter (for<L S < 1.5) according to the following l.e. the trace gas VCDs or AOD_S' If shape paramefe:_ﬁﬂ
formula: are used, the height parametedirectly describes the upper

boundary of the trace gas or aerosol layer. Also for shape
xs/xL =(1.5—15)-2 (3) parameters slightly smaller than 4, might still be a good
approximation of the upper boundary of the aerosol or trace
This parameterisation assures that for> 1 the profile  gas layer (for values of <« 1, however, a correspondingly
merges the box profile. An example of a linear profile is |arge fraction (1- S) of the total trace gas or aerosol amount
shown in Fig. 2 (right). is located above.).
For the two-layer profile, we chose a parameterisation that  From the derived profile parameters, the average trace gas
relates the ratio between the height of the near-surface layegoncentrationp, or the average aerosol extinctien within

with zero aerosol extinction (or trace gas concentratioR)o  the aerosol or trace gas layer can be derived according to the
and the (total) layer height to the shape parameter (for following equations (fors <1):

S > 1) according to the following formula:
e=A0D-S/L (5)

Lzero/L=S-1 4) p=VCD-S/L (6)

Also this parameterisation assures that§es 1 the profile
merges the box profile. An example of a two-layer profile is
shown in Fig. 2 (right).

Of course the details of the chosen parameterisations aré/ = p/[air] (7)
arbitr_ary butlour profile parameterisation _has the .advantlaggor surface mixing ratios a value of the air number density
that it describes a large variety of possible profiles usmg[air] of 2.5 x 109 molec cnt (for 20°C and 1013 hPa) can
only 3 parameters including “box” profilesS € 1), quasi- be used
exponential profiles {— 0), or profiles with an elevated For shape parameters> 1, also aerosol extinction or

layer (§ > D' However, It shoul_d be noted that this _S|mp_le trace gas concentrations can be derived from the retrieved
parameterisation cannot describe more complex S'tuat'onﬁrofile parameters For the two-layer parameterisation

like e.g. multiple layers (FrieB et al., 2006; &gter et al., (Eq. 4) the aerosol extinction and trace gas concentration

From the average trace gas concentration, also the respective
mixing ratio M can be calculated

2010). ) within the elevated layer are derived according to:
Moreover, it turned out that for some measurement con-

ditions the information content is not sufficient (e.g. dur- ¢ =AO0D/[(2—S)-L] (8)

ing non-optimum measurement conditions), to determine all

three profile parameters simultaneously, and for about 609 =VCD/12=$)-L] ©)

of all measurements (see Fig. S2 in the Supplement) a stablgor the linear profile parameterisation (Eg. 3) the aerosol ex-

profile inversion was only possible for 2 profile parameters. tinction and trace gas concentration as a function of altitude
In such cases one of the profile parameters introducedfor z < L) are derived according to:

above (the shape parametgy,s set to a fixed value (for de- AOD ;1

tails see Sects. 3.4 and 3.5). Because of that finding, in thig (z) = ——- [1+ (—' - —) 2(8— 1)} (10)

study, only two profile parameters were retrieved in order to L L 2

make a consistent automated retrieval possible. The fact that VCD z 1

in some cases no stable retrieval of all three profile parame# (@)= A [1 ( ) 2(S— 1)}

ters was possible, reflects the limited information content of

our MAX-DOAS measurements, for which no measurementsAs Will be shown later, for shape parametérs 1, the de-

at low elevation angles<(3°) were performed. For individ- rived trace gas mixing ratios agree well with the indepen-

ual measurements, also other factors like horizontal gradident measurements of near-surface trace gas mixing ratios.

ents or the influence of clouds can result in bad convergenc&00d agreement between aerosol extinction and surface in-

and ambiguities for the profile inversion. For the results pre-Situ measurements was also found, as demonstrated in other

sented in this study the layer height and the AOD or VCD studies (e.g. Li etal., 2010; Zieger et al., 2011).

. CED
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3.2 Radiative transfer simulations NO, and HCHQ, do not depend on the respective VCDs.

_ . Except for very high N@ VCDs, this assumption is well
For the simulation of trace gas SCDs and AMFs (or d§CD fulfilled: for HCHO respective error is negligible; for NO
and dAMF,), radiative transfer simulations are performed. yvCDs <1 x 10" molec cnt2 the error is<5 % and can be
The dSCDQ and dAMF, are calculated as the difference of neglected compared to other uncertainties. Second, and re-
simulation results (for the same settings) for the elevation anfated to the first point, HCHO and NO'total” tropospheric
glesa and 90. They are expressed as function of the profile JAMF,, are not calculated directly. Instead, height-resolved
parameters introduced in Sect. 3.1; these relationships estalp called box air mass factors are determined, from which

lish the forward model: the total JAMF, are calculated by the average of the box air
dAMF, = f(Saer, Laer AOD,r, SZA,RAA) (12) g:i?”sefactors, weighted with the respective (relative) height

Y BoxdAMF, (zj) - c(zi) - Azi

dscn, = f (StracegasLtracegasVCD, Saer Laer, AOD, Z
dAMFa,tOtal = ZC(Z') N
> | |

o, SZA,RAA) (13) (14)

Here Saer, Laer and AOD are the shape parameter, layer yore BoxdAMF, (zi) indicates the differential box air mass
height and total optical depth of the aerosol profigicegas  factor, ¢(z;) the trace gas concentration and; the height
Liracegasand VCD are the shape parameter, layer height andy e |ayer at;. dAMF, are calculated for discrete values
vertical column density of the trace gas profiles, SZA, 4 the viewing geometry and the profile parameters (see Ta-
RA_A are the elevation angle, solar zenith angle and relative, o5 1 ang 2) and stored in look-up tables (LUT). For a given
azimuth angle between the telescope and th_e sun. Note thafeasyrement sequence, the LUT is first reduced correspond-
the forward model for the trace gas dSCBISo includes the 4 ¢4 the actual SZA and RAA of the measurement by linear
aeroso! profile parameters. . . interpolation. The remaining LUT is used as forward model,
In this study the full spherical Monte-Carlo atmospheric ; \vhich the measurements are fitted.
radiative transfer model McArtim (Monte Carlo AtMO-  agter the aerosol profile parameters are determined as out-
spheric Radiative Transfer and Inversion Model) is usedjneq apove, the trace gas profile parameters are retrieved tak-
which is described in detail in Deu'gschmz_inn (200_8)' anding into account the aerosol parameters retrieved in the first
Deutschmann et al. (2011). For the simulations in this study,step_ Note that the shape parameters and layer heights for the

a surface albedo of 5%, aerosol single scattering albed,e 50| and trace gas profiles are retrieved independently.
of 0.95 and aerosol asymmetry parameter of 0.68 are as-

sumed, which are typical values for urban and industrial3. 3 Error estimation
areas (Dubovik et al., 2002). The surface elevation of the
measurement site (130 ma.s.l.) is explicitly considered. ToSeveral error sources contribute to the total uncertainty of
minimize the computational effort, all simulations were per- the profile inversion results. Systematic errors are caused by
formed at 360 nm. This wavelength is well suited for the in- errors of the spectroscopic data (e.g. uncertainties of the ab-
terpretation of the @absorption at 360 nm. For the N@nd  sorption cross sections and their spectral calibration) or devi-
HCHO observations, simulations at a slightly smaller wave-ations of the assumed optical properties of the aerosols used
length might have been more appropriate. We estimated th& the radiative transfer simulations (Sect. 3.2). Systematic
corresponding errors by comparing selected simulation reerrors might also be caused by other limitations of the for-
sults for 350 nm with those for 360 nm. The differences areward model, i.e. its inability to correctly describe cloud ef-
rather small (typically below 3% and for AOBP3 below fects or the real 3-dimensional trace gas and aerosol distribu-
1%). tions. These and other systematic errors are difficult to iden-
Simulations are carried out for all relevant combinationstify and quantify. Here it is essential to compare the MAX-
of viewing directions, SZA and RAA (for SZA 8(°). The DOAS results with independent data sets (see Sects. 5.2 and
diurnal cycle is described by 11 pairs of SZA and RAA, re- 5.3).
spectively (see Table 1). Random errors are caused e.g. by the limited signal to
First, O, dAMF, are calculated for all combinations of noise ratio of the DOAS analysis and by spatio-temporal
profile parameters shown in Table 2. In total 250000 O fluctuations of the trace gas and aerosol distributions (at-
dAMF, are calculated. In the next step, trace gas dgCD mospheric noise). One effect of random errors is that they
are calculated for all combinations of profile parameters forcause deviations between the individual measurements of an
the trace gas profiles and the aerosol profiles (see Table 2glevation sequence and their respective forward model re-
Accordingly, the number of trace gas dSgBimulations is  sults.  While the forward model usually shows a smooth
much larger (about 40 Million) than the simulations of O dependence on the elevation angle, the measurements often
dAMF,. To reduce the computational effort, two simplifica- show additional fluctuations related to measurement or at-
tions were applied. First, it is assumed that the dAMeér mospheric noise. The respective deviations are quantified by
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Table 1. Selected times of the day and corresponding solar zenith angles (SZA) and relative azimuth angles (RAA) angles, for which
radiative transfer simulations are performed.

Time of : : : : : : : : : : :
the day (UTC) 05:57 06:55 07:55 09:07 09:53 10:31 12:46 13:31 14:41 15142 1641
SZA 8¢ 7° 60° 50° 45° 42 45° 50° 60° 7° 80°

RAA (S) —90° —-80° —67° —46° =29 —5° 19 36° 56° 7° 81°

RAA (W) —-155 -145 132 -111° 94 -—70° —46° 29 —9° 5° 16°

RAA (N) 90° 1000 112 13 151 17 199 216 236> 250° 26T

Table 2. Selected elevation angles and profile parameters, for which air mass factorg f6€E0, and NQ were calculated. @dAMF,

were calculated for all possible aerosol profiles. Trace gas dAN©O, and HCHO) were calculated for all combinations of aerosol and

trace gas profiles. For each case shown in Table 1, all combinations described in Table 2 were considered for the radiative transfer modelling.
No clouds were included in the simulations.

Quantity l;lfugts)gg Selected values

Elevation angles 5 B 6°,10°, 18, 9¢°

AOD 10 0.05,0.1,0.2,0.3,0.5,0.7,1.0,1.5, 2.0, 3.0

Aerosol layer heighL aer 14 20m, 100 m, 200 m, 300 m, 500 m, 700 m, 1000 m, 1200 m, 1500 m, 1750 m, 2000 m, 2500 m, 3000 m, 5000 m
Aerosol shape paramet8ger 11 0.1,0.2,0.3,0.4,05,0.7,1.0,1.1,1.2,15,1.8

Trace gas layer heigmtracegas 14 20m, 100 m, 200 m, 300 m, 500 m, 700 m, 1000 m, 1200 m, 1500 m, 1750 m, 2000 m, 2500 m, 3000 m, 5000 m
Trace gas shape parame$ghcegas 11 0.1,0.2,0.3,04,05,0.7,1.0,1.1,1.2,1.5,1.8

the residual sum of squares (RSS) between the measuremenfable 3 are the mean relative errors. They range from about

and the forward model: 9% for the NGQ mixing ratio to 71 % for the aerosol layer
n height.

RSS=) [y —f (] (15)
i=1 3.4 Aerosol inversion

In the following, retrieval results with large deviations be- ) - )
tween measurements and forward model (RSB05) are In the flrst_ st(_ep of the _trace gas profile inversion, the
generally skipped. aerosol extinction proﬁle is determined from the measured
In addition to the RSS between measurements and forwar@4 DAMF (Eq. 2). Since MAX-DOAS spectra are analysed
model, inversion errors can also be quantified from the fit2gainst afixed Fraunhofer reference spectrum (see Sect. 2.3),
process itself (see also Li et al., 2010) taking into account théhe retrieved @ DAMF contain not only the difference com-
sensitivity of the measured quantities with respect to varia-Pared to the zenith spectrum of the same elevation sequence
tions of the profile parameters. Errors determined in this way(@S needed for the inversion), but also a SZA dependent off-
in this study are representative for a confidence interval ofSet: To remove this offset, the;@AMF for the 90 eleva-
95%. We found that the errors determined in this way aretion spectrum of the selected elevation sequence is subtracted
largely proportional to the RSS, which indicates that theyffom the Q. DAMF for all other (slant) elevation angles of
typically represent random errors of the spectral retrievalthis sequence to yield the respective dAMF
and/or “atmospheric noise”. In this study only two profile parameters (AOD and layer
From a linear fit of these errors versus the correspondindieight L) are varied during the fitting process, while the
values of the profile parameters, the typical relative errorsshape parametetis set to a fixed value.
are determined. To this regression line, a constant value is To minimise the effect of the initial values on the inver-
subsequently added to assure that for the smallest retrievesion, we applied the following fitting procedure: in a first
values the linear parameterisation still matches the respectivstep the optimum AOD is determined in individual fits (ac-
uncertainties. Thus this error estimate represents an uppeording to the minimum RSS) for the discrete values of the
limit. The error parameterisations for the different retrieved aerosol layer height used for the radiative transfer simula-
quantities are summarised in Table 3; they were used for théions (see Table 2). In a second step a low order polyno-
correlation analyses presented in Sect. 5.2. Also shown imial as function of the aerosol layer height is fitted to the
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Table 3. Typical errors for the MAX-DOAS inversion results. The linear parameterisation of the errors was determined from a linear fit of
the retrieved uncertainties versus the absolute values (see Sect. 3.3).

Retrieved quantity Average absolute error  Average relative error  Linear parameterisation of uncertainty
AOD? 0.13 26% 0.05+0.34A0D

Aerosol layer heigit(Laep 674m 71% 400 m+0.46L z¢r

Aerosol extinctioR (&) 0.13 35% 0.04+0.24

NO, VCDP 3.0x 1085moleccnt? 7% 2x10®moleccnT2+0.11- VCDyp,

NO> layer heigh‘? (Lnoy) 122m 15% 50m+0.18LNo,

NO, mixing ratid® (Mno,) 1.9ppb 9% 1ppb+0.0Myo,

HCHO vCDP 3.4x 10 molec cn? 20% 1x 10 moleccnm2+0.23- VCDycHO
HCHO layer heigt (Lycno) 428 m 36% 200m+0.34LycHo

HCHO mixing rati® (MpcHo) 1.5 ppb 29% 0.5ppb+0.234cHo

@ Determined for a two-layer profile with a shape parameter of 1.1.
b petermined for a box-profile (shape parameter of 1).

determined RSS values. According to the minimum of thisvalue for this solution is only slightly smaller than for other
polynomial, the optimum AOD and layer height is derived. shape parameters.
This fitting procedure turned out to be very stable: the results For both examples, quite different general dependencies of
showed negligible dependence on the initial values of AODthe Q; dAMF,, on the elevation angles are found. For the ex-
(for initial values between 0.05 and 1.5). Thus we concludeample on 15 September 2003 thg @AMF,, increase contin-
that instabilities of the aerosol inversion procedure describediously with decreasing elevation angle, while on 19 Septem-
below are mainly caused by effects, which are not explicitly ber 2003 they decrease for elevation angld$°. The
considered in the forward model (like the influence of cloudsdAMF, on 15 September 2003 indicate the presence of el-
or horizontal gradients). Additional instabilities arise from evated aerosol layers (see below), while theddMF, on
ambiguities (e.g. from elevated layers, see below). 19 September 2003 are representative for aerosol profiles
As a first choice, a shape parameter$f1 was used with maximum extinction at the surface. Here it should,
(“box” profile). In addition, we also determined aerosol pro- however, be noted that the details of these dependencies also
files for shape parameters 0.8 andS =1.1 (for elevated  vary with SZA and relative azimuth angle. The correspond-
layers both linear profiles and two-layer profiles are used asng aerosol extinction profiles are also shown in Fig. 3 (bot-
defined in Sect. 3.1.1). tom). While for 15 September 2003 the retrieved profiles and
Fit results for selected elevation sequences are shown iRODs differ substantially for the different assumed shape pa-
Fig. 3 (top). The measured4,@AMF, are shown as black rameters, on 19 September 2003 the aerosol profile inver-
dots, while the fitted values are displayed as coloured linession yields much more similar profiles and almost the same
In both cases the measurements can be well described b§ODs. Fortunately, for most measurements the retrieved
the forward model. Interestingly, similar agreement is found AODs only slightly depend on the assumed shape parame-
for the different assumed profile shape parameters, illustratter: taking into account all observations, for 74 % the differ-
ing that the information content of our MAX-DOAS obser- ence in the AOD is below 20 %. If only clear observations
vation is often not sufficient to discriminate these different with layer height § =1) <1.2km are considered, for 97 %
profile shapes. As will be discussed in detail below suchthe difference in is below 10 % (see also Fig. 4).
ambiguities can be caused by different reasons, e.g. by el- The dependence on the assumed shape parameter for the
evated layers, horizontal gradients or the influence of clouds15 September 2003 indicates a fundamental problem for the
For about 60 % of all MAX-DOAS measurements during the retrieval of the AOD in cases when the shape parameter itself
FORMAT-II campaign stable profile inversions of all three cannot be unambiguously retrieved in the inversion proce-
profile parameters were possible: the inversion results diddure. Similar results are found for other profile retrievals on
not significantly depend on the initial values and they did 15 September 2003 (see Fig. 5 left) and also appeared for the
not rapidly change between succeeding observations (see e.gbservations of the two other telescopes (north and west di-
example in Fig. S2 in the Supplement). For the remain-rection, not shown). This indicates that the instability of the
ing observations, no stable inversion results were obtainedprofile inversion is not an artifact for a single azimuth view-
Most of these measurements were made under cloudy coring direction, but is probably related to the specific properties
ditions. Interestingly, even for the example in Fig. 3 for of the aerosol profile on that day. Instabilities for the AOD
19 September 2003 the fit found a meaningful inversionretrieval from MAX-DOAS observations were also reported
result (for a shape parameter of 0.97), although the RS®y Li et al. (2010).
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15 September 2003, 12:00 19 September 2003, 8:00
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Fig. 3. Top: comparison of measuredy@AMF,, (black dots) to the results of the forward model (coloured lines) for the southern telescope.
The different colours indicate fit results for different shape parameters. The error bars indicate the errors of the spectral analysis. Both
observations were made under clear sky conditions. Bottom: resulting aerosol extinction profiles retrieved fremAMFQ.

In Fig. 5 the retrieved layer heights and extinction coeffi- tion at the surface (the data in Fig. 5 is shown again in the
cients for both days are also shown. It is interesting to noteSupplement (Fig. S3), but with the uncertainties displayed
that the rapid jumps of the AOD for shape paramefersl for the retrieval assuming a box profile).
or for the linear profile with§ =1.1 are closely correlated to  We investigated possible reasons for the instabilities of
similar rapid changes of the layer height(Fig. 5 middle).  the aerosol profile inversion and the dependence of the AOD
As a consequence the aerosol extinction (Egs. 5, 8, 10) i$n the profile shape. One hypothesis is that on 15 Septem-
much less dependent on the profile shape than the AOD (bother 2003 an elevated aerosol layer might have been present.
tom panel of Fig. 5). Also the uncertainties of the retrieved An indication for this hypothesis is found in the results for
aerosol extinction are much smaller than those of the AODsshape parameter$> 1. If profiles for an elevated aerosol
or layer heights. layer are used (either a linear profile or a two-layer profile),

On 19 September 2003 a different behaviour compared téhe diurnal variation of the AOD shows a much smoother
15 September is found: the extinction coefficient dependdehaviour. The most consistent temporal variation is found
more strongly on the assumed profile shape than the AODOr a two-layer parameterisation (assuming a layer with zero
(see Fig. 5 right). Also the uncertainties of the aerosol ex-aerosol extinction at the surface).
tinction is much larger indicating that on that day a two- We further tested our hypothesis of an elevated layer by
layer profile with shape parameter of 1.1 might not be a goodperforming radiative transfer simulations for different as-
choice for the determination of the aerosol extinction. Heresumed aerosol extinction profiles (see Fig. 6). It turned out
it should be noted, that the aerosol extinction determined forthat for the elevation angles used in this stud@{, indicated
the two layer profile with zero values at the surface can byby the black arrows), the simulations for a two-layer profile
definition not be representative for the actual aerosol extincwith shape parameter of 1.1 (aid=1, AOD=0.3) can be
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shape parameter: 0.8 shape parameter: S =1.0
35 - 25
o layer height (s =0.8) > 1.0 km — + | ¢ layer height (s = 1.0) > 1.2 km
= 34 .  layer height (s = 0.8) < 1.0 km S 5 + layer height (s = 1.0) < 1.2 km
IS e * I e .
n 25 T . y=122x-0016 7| ¢ e .
QL 2 . *=0.98 o 151 ~ e e .
o A * E . . . *
= M AN . . TRy e .
S L . . ele g 19 &
S AR o LS b 5
1 ARSI 4 S
[a) ¥ . S e ey o 05 | K B
o . R n O y=1.17x- 0.016
0.5 < o) 5
y“"ﬂ r?=0.99
0 . . . ! 0 . ! ! ;
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
OD elevated layer (S = 1.1) OD elevated layer (S = 1.1)

Fig. 4. Comparison of MAX-DOAS AODs retrieved for different shape paramefeis clear days. The AOD fof =0.8 (left) andS =1.0

(right) is plotted versus the AOD retrieved f8= 1.1. Good agreement is found for retrieved layer heights below 1.Zkn®(8) and 1.2 km
(§=1.0), respectively.
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Fig. 5. Diurnal variation of the AOD (top), layer heigfit(middle) and aerosol extinction(bottom) for different shape parameters (southern
telescope). For comparison, also the AOD from sun photometer measurements (AERONET) at Ispra are shown (dark blue line). Except the
early morning of 15 September 2003 (before about 07:00), both days were cloud free. Error bars (for 95% confidence intervals) are
determined within the inversion procedure; they are exemplarily shown for the retrieval assuming an elevated layer (two-layer profile). A
similar figure, but with error bars for box profile inversion is shown in the Supplement (Fig. S3).
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well reproduced by the simulations for a box-profile (shape 1

parameter of 1), but with larger values fbrand AOD (4 km 161
and 1, respectively). Also the simulations for a linear profile | 1
can match the results for the two-layer profile. This find- l l

ing confirms the hypothesis that in the presence of elevateds 1'

I
v

aerosol layers, no unambiguous profile inversion might be 0s ]
possible for the elevation angles used in this study. S
The ambiguity demonstrated in Fig. 6 can explain the ob-  *°] ~0-4km, (S=1), OD1
servations on 15 September 2003 (Fig. 5 left), for which in-  %*T+0-1km, (S=1), 0D03 \\
. . —-=-0.1-1km (S=1.1),0D0.3
creased AOD are often found with simultaneously enhanced ©2 T, iinear increase by 2/3 (S = 1.35), 0D 0.3 \
layer height. They also indicate that if additional viewing 0 ‘
1 10 100

angles at low elevation were included in the MAX-DOAS
observations, the ambiguity of the profile retrieval could be
effectively reduced. Fig. 6. Simulated Q dAMF,, for different assumed profile shapes.

It should be noted that a profile with zero aerosol extinc- Besides the elevation angles used in this study (indicated by the
tion at the surface is probably not very reasonable close tdlack arrows) the calculations also include further elevation angles,
strong emission sources like for our measurements (see disspecially below 3. Calculations are preformed for SZA of 30
cussion in Sect. 3.1.1). Nevertheless, the smooth diurnand a relative azimuth angle of 0
variation found for this profile parameterisation indicates that
strong vertical gradients of the aerosol extinction probably
exist close to the surface, which are better described by the While for our measurements, an aerosol profile with
two-layer profile than by the other profile parameterisations.S = 1.1 is probably an acceptable (pragmatic) choice for the

To deal with the problem of underdetermination of the retrieval of the AOD and layer height, it is not necessarily a
aerosol profile, we chose a pragmatic solution by simply us-good choice for other retrieved quantities. For example, as
ing a shape parameter of 1.1 (two layer profile) for the de-shown in Fig. 5, for shape parametesrs: 1 the retrieval of
termination of the AOD. By this choice, stable results for the aerosol extinction leads to much more consistent results.
the AOD are obtained for all days (results for one day areAs will be shown below, the results of the trace gas inver-
shown in Fig. 5 left). But of course, this choice has also sions (especially for the trace gas VCD and layer height) are
disadvantages: for many days (without elevated profiles) wedlso more realistic and consistent, if shape paraméters
use an assumption which is obviously wrong. As a consefor the aerosol profile inversion are chosen.
guence, the retrieved AOD is often smaller than for shape The different choice of the shape parametéor either the
parameterss < 1 (see Fig. 5 right), but fortunately this un- retrieval of AOD or the retrieval of trace gas profiles might
derestimation is usually small: for 74 % of all observations be seen as an inconsistency. However, we think these choices
it is less than 20 %; for 97 % of clear observations with layer are well justified. As discussed above, the choicé sf1.1
height § =1) <1.2km the difference in the AOD is below leads to more consistent results of the AOD than the use of
10% (see also Fig. 4). Another disadvantage is that the reS < 1. However, if the aerosol extinction profiles 6= 1.1
trieved layer height for a shape parameteSefl.1 is sys- were also used as input for the trace gas profile inversion,
tematically lower (typically by a factor of about 2) than for a particular problem occurs: the aerosol extinction close to
a shape parameter of 1 (Fig. 5, middle). There is probablythe surface would be systematically underestimated in most
no simple explanation for this finding, but the fact tiat; cases, while the maximum trace gas concentrations are typ-
is systematically smaller thahy g is also supported by the ically located at these altitudes. To avoid this problem, we
results of Fig. 6 (and Fig. S4 in the Supplement), where theuse aerosol extinction profiles retrieved for a shape parame-
O4 DSCDs for profiles withS§=1 andZ =1 km agree with  ter S <1. Even if in some cases the AOD (and the aerosol
those for profiles with§ > 1 andL > 1 km. layer height) would be overestimated, the aerosol extinction

Note that the results for the aerosol layer height presentedlose to the surface will very probably be more correct than
in the following sections were retrieved for a shape parametethat for aerosol retrievals withi=1.1.
of 1.1, and were subsequentially multiplied by a factor of two
in order to be representative for the true aerosol layer height3.5 Trace gas inversion (N@ and HCHO)

As will be shown in Sect. 5.3, the aerosol layer heights de-
termined in this way agree reasonably well with aerosol con-The inversion of the trace gas profiles (second step) is per-
centration profiles from aircraft measurements. formed in a similar way to the aerosol inversion. First the

Also, for shape parameter$<1 systematically lower DSCDs for the 90 elevation angles are subtracted from the
layer heights are retrieved than f8= 1. This has to be ex- DSCDs of the lower elevation angles of the same sequence
pected, because for these S-values a substantial part of the yield the respective dSCGD In the next step the trace
aerosol load is located above the “aerosol layer”. gas dSCI are divided by the dSCpPfor an elevation angle

Elevation angle []
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a =10 of the same elevation sequence (in principle any The trace gas VCDs from the profile inversion are com-
other elevation angle could be used as well). This normalisapared to the respective VCDs calculated by the so called ge-
tion is performed to simplify the fitting process of the trace ometric approximation (A. Richter, personal communication,
gas inversion. In contrast to the aerosol inversion, where th005; Brinksma et al., 2008). In this study we used the mea-
04 DAMF depend not only on the relative profile shape but surements at elevation angles of Hhd 90 for the determi-
also on the absolute value of the AOD, the dAMfBr NO> nation of the “geometric” VCD:
and HCHO do not depend on the absolute value of VCD, be-

cause their atmospheric absorptions are weak (OD typicall}yCDge= dSCDig = ‘?'SCDW
<0.1). Thus, the profile inversion for NCand HCHO can dAMF1g  1/sin(18°) — 1

be reduced_to t_he determination of the relative profile shapegyniie the trace gas VCDs from the profile inversions assum-
(also see Sinreich et al., 2005). o ing different shape parameters show very good agreement,
Before the fit to the normalised trace gas dSCBsimilar 6 geometric VCDs are mostly smaller than the VCDs from
normalisation of the dAM of the forward model is applied.  he profile inversions (especially for periods with high trace
From the fit between the measurements and the forwardias vcps). These differences are most probably caused by
model, the (relative) profile shape (layer height, and shapgpe peglect of scattering processes in the calculation of the
parameter) and the corresponding dAMife obtained. This  yeometric VCD. The systematic deviations between the ge-
is possible because of the unique relationship between nof5metric VCD and the VCDs from the profile inversion are
malised dAMF and the absolute dAMF, from which the nor- ¢ rther investigated in Sect. 5.2.4.
malised dAMF were calculated. From the dAMBNd the As pointed out before, the results of the aerosol inversion
measured trace gas dS¢he VCDs for the individual ele- 56 ysed as input for the trace gas profile inversion. Thus the

vation angles are calculated: question arises, which aerosol shape paransatgshould be
dscn, used in the first step of the trace gas retrievals. To answer this
VCD“:dAMF (16) guestion we compared trace gas results for different assumed
* aerosol shape parametefg (for simplicity, the shape pa-
Finally, the average of the VCDs for the different elevation ygmeter for the trace gas inversiSiucegasas set to 1). The
sequences is calculated. From the VCD, the layer heightresults are presented in Fig. 9. While the trace gas mixing
and the shape parameter the average trace gas concentratigflios are only slightly affected by different choicesSas,
or mixing ratio is calculated according to Eqgs. (6, 7, 9, andthe trace gas VCDs and layer heights for differ§gt show
11). Like the aerosol inversion, in some cases the trace 93firge differences. Especially fdfaer> 1 they deviate sys-
inversion has no stable convergence, and thus, the shape pgmmatically from the results fa$aer< 1. The reason for this
rameters, is prescribed. Thus only the layer heightand  finding is not clear, but is probably related to the fact that
the VCD were determined independently by the fit. for aerosol shape parametefig,> 1 the aerosol extinction
In Fig. 7 exemplary fit results of the forward model to cjose to the ground is systematically underestimated. This is
the measured (normalised) dSECBf NO2 and HCHO are  the |ayer where usually the highest trace gas concentrations

shown. Like the aerosol inversion, similar agreement for thegccur. Fortunately, the trace gas mixing ratios depend little
different shape parameters is found. The VCDs retrieved folpn the assumed aerosol shape parameter.

shape parametersl show rather good agreement, but for
shape parametetsl (elevated layers), systematically lower _
VCDs are obtained. However, in contrast to the aerosol in4 Influence of clouds on MAX-DOAS observations

version, the results of the trace gas inversions did not show )
instabilities like those in Fig. 5 (left column). Thus in the Like aerosols, clouds also strongly affect the atmospheric ra-

following, only trace gas results for shape parametersre diative transfer and can have a large effect on MAX-DOAS
presented. The better convergence of the trace gas yvcpebservations and the profile retrievals. Thus, the profile in-
(compared to the AOD) is probably caused by fact that en-version for measurements at cloudy conditions is probably
hanced concentrations of N@nd HCHO are usually con- strongly influenced by clouds. In this section the effects of

fined to the lowest atmospheric layers, while the atmospheri€/ouds on MAX-DOAS measurements are investigated. First
scale height of @is about 4 km. a simple cloud classification algorithm is presented, which

In Fig. 8 the diurnal variations of the retrieved trace gas!S Used to categorise the MAX-DOAS measurements during

results (VCD, layer height and mixing ratio) are presentedth® FORMAT-II campaign into different classes. Based on
for 19 September 2003. For comparison, the mixing ratiosthis classification scheme, the cloud effect on MAX-DOAS

of the independent measurements (LP-DOAS and HantzscHESults can be empirically determined by comparison with
are also shown. In general, the HCHO layers (and their unindependent data. Cloud effects are also investigated using

certainties) are higher than those of NO radiative transfer simulations.

(17)
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4.1 Basic effects of clouds strong influence on the length of the effective atmospheric
absorption path: with increasing cloud altitude the absorp-
Although clouds affect the atmospheric radiative transfer intion paths also increase. In contrast, for the zenith viewing
a complex way, two main effects are especially important fordirection the diffusing screen effect tends to reduce the atmo-
MAX-DOAS observations. The so called diffusing screen spheric light path, because in the presence of a cloud, most
effect and multiple scattering. Both effects are described inphotons traverse the atmosphere below the cloud on a vertical

the next sub-sections. instead of a slant path (see Fig. 10 left and center) (Wagner
etal., 1998).
4.1.1 Diffusing screen effect Both effects, the increase of the absorptions for slant ele-

vation angles and the decrease for zenith direction, lead to an
Because of additional scattering, clouds with low optical increase of the observed trace gas dg€r cloudy con-
depth are usua”y brighter than the clear SW. One particu.ditions Compared to clear Sky conditions. Thus the diffusing
lar effect of such clouds is that a substantial fraction of thescreen effect has a strong and systematic effect on the inter-
photons received by the MAX-DOAS instrument has beenpretation of the MAX-DOAS measurements. Here it is im-
directly scattered from the cloud bottom (instead from air Portant to note that optically thin clouds have in general an
molecules). Thus, especially for observations at low eleva-Opposite effect compared to aerosols close to the surface, and
tion angles, the direct light path along the instrument line ofthe cloud OD will not simply add to the AOD in the aerosol
sight increases compared to clear sky conditions (see Fig. 1mversion.
left and center). The fraction of the photons which are di- In Fig. 11 radiative transfer simulation results of the dif-
rectly received from the cloud bottom (and thus the length offusing screen effect are shown for; @Qnd other trace gas
the effective atmospheric light path) increases with increasprofiles. As expected the dAMFvalues are systematically
ing brightness of the cloud. Of course this holds only for the enhanced compared to the cloud-free case. The magnitude of
fraction of the photons, for which the last scattering eventthe enhancement depends on many factors like cloud height,
was lower than the cloud bottom. The cloud altitude has acloud OD, aerosol load and trace gas profile. The largest
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inversion is further complicated by the fact that for vertically
{:} {:} i {:} extended clouds, a high temporal variability of the light path
/ / @ length is usually observed.
‘\ﬁ S 4.2 Cloud discrimination scheme

Fig. 10. Schematic description of the cloud influence on MAX- Because of the strong and systematic effects of clouds on the
DOAS observations. Left: for clear sky, sun light is scattered by interpretation of MAX-DOAS observations, it is important
air molecules and aerosol particles towards the instrument. Centetto use a reliable cloud classification scheme, which (prefer-
diffusing screen effect: in the presence of thin clouds, a substantiahbly automatically) discriminates observations under clear
fraction of the observed photons is scattered by the cloud; especiallgky from observations affected by “thin” or “thick” clouds.

for the smaller elevation angles, this effect leads to an increase of the Our cloud classification scheme is based on the MAX-

absorption path. Right: for optically thick and vertically extended DOAS observations themselves. For two reasons we only use
clouds, multiple scattering can lead to very large increase of the, . . .

L the measurements at 96levation angle (zenith). First, al-
photon paths inside the clouds.

most all MAX-DOAS observations include the zenith direc-
tion in their sequence of elevation angles; second, a changing
solar azimuth angle has no influence on zenith observations

of 2 or more). In the simulations an aerosol layer between(at least if the instrument is not sensitive to polarisation). We

0 and 1 km with AOD of 0.5 was assumed (cloud height be_make use of two quantities for the identification and charac-

tween 4km and 5km and cloud OD ranging between 1 anoterisation of clouds: the observed radiance and theal®
5, see Fig. 11). sorption (or Q DAMF).

The dAMF, simulated for cloudy conditions were used as While also a colour index (intensity ratio between two

input for the profile inversion algorithm, which assumes Clear}/vavehlengths)fstnouls n pr;]nc!ple ge t‘?‘ Wte” SL:C'tEd indicator d
sky conditions. The results of the profile retrievals are shown orchanges ot the almospheric radiative transter (e.g. cause
by clouds), for our measurements it turned out not to be very

in Fig. 12. As expected, the retrieved AODs decrease with in- ate. We found that it v | itive t
creasing cloud OD and cloud altitude. Even for a small cloug2Ppropriate. Yve found that it was generally 1€ss Sensitive to

OD of 1, the retrieved AOD underestimates the true value byt_qu pfrezgncg of cLout;ils than tf(\jeb(nt(;]rmalllstgd)lradlan”ce ltself.
about a factor of two. Compared to the aerosol inversion, IS Tinding IS probably caused by the relatively smai wave-

the diffusing screen effect on the trace gas profile inversionIength range of our instrument; for instruments covering a

is more complex, because the diffusing screen effect inﬂu_W|der spectral range (e.g. including the full visible spectral

ences not only the trace gas dSEDut also the @ dSCD, rangg), _the use of a polour index might_ be morg_apprgpriate.
which were used as input for the aerosol profile inversion. Asln principle a colour index could also yield additional infor-
a consequence, the diffusing screen effect can lead to botnwation to separate the effects of aerosols and clouds, but this

underestimation or overestimation of the true trace gas mix—WOUIOI require much more comprehensive radiative transfer

ing ratios, depending on the details of the cloud and aeroso?'mmat'ons' In th? following, we m_ake use of the rad|ange
properties, and of the atmospheric trace gas profile. The diff’md the Q absorption (from the zenlth.measurements) asin-
fusing screen effect tends to underestimate (overestimate) th%lcators for the presence and.propertles of cloud§. Note that
true trace gas mixing ratios for trace gases at low (high) al-" cqntrast to.the prgflle inversion, here thg DAMF is used

titudes (Fig. 12). Compared to the aerosol profile inversion,(remeved using a fixed Fraunhofer reference spectrum, see

the magnitude of the diffusing screen effect on the trace ga: Z(I:\';IIFZ;‘?)). Sllnce \l/<ve appl;;)alnormt:?]hsatlon _?y SL:]bt_raCt'??ho
mixing ratios is generally smaller. or clear sky (see below), the specific choice of the

Fraunhofer reference spectrum is not critical.
The first step of our cloud classification scheme is the iden-
tification of clear days with low AOD. Such days can be used

For vertically extended clouds with large optical depth, an@S clear day reference cases, '_co which other observations are
additional effect has to be considered. Under such condi€ompared. Based on satellite images and AERONET obser-
tions, the light path lengths inside the clouds can becomé&/ations (at Ispra), two days were identified, which largely
very long (up to more than 100km, e.g. Erle et al., 1995;fulfilled the criteria of low AOD (0.3 in the UV) and ab-

Wagner et al., 1998; Winterrath et al., 1999) (Fig. 10 right). If S€nce of clouds (6 and 14 September 2003). For these two

a substantial fraction of a trace gas is present inside the cloud!2ys the measured radiance at 360nm and the @ DAMF

the measured absorptions are strongly increased compared &5 function of the SZA were fitted by a polynomial of fifth or-
clear sky. Such an increase is usually observed for that® der. The polynomials (indicated by the red curves in Fig. 13)
sorptions (and often also for other trace gases like ey ~ S€rve as reference values for clear sky observations. If clouds

HCHO), and consequently a meaningful aerosol profile in-2€ Present, the observed radiance and thelSorption de-

version is not possible under such conditions. The profileViate from the reference values.

relative enhancement is found for the profile (by a factor

4.1.2 Multiple scattering effect
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2702

dAMFa

dAMFa

12

0.8 1

0.6 -

0.4

02—

T. Wagner et al.: Tropospheric trace gas and aerosol profiles from MAX DOAS

O,

——no cloud
-=-cloud OD: 1

cloud OD: 2
-=-cCloud OD: 5

10 100

Elevation angle [°]

—-no cloud
-a-cloud OD: 1

cloud OD: 2
-a-cloud OD: 5

10 100
Elevation angle [°]

Haight [km]

dAMFa

-

[ -m-cloud OD: 1
cloud OD: 2
-a-cloud OD: 5

Height [km]

=4 b
RN

0 05 1 15

2
—-no cloud’\\\

10
Elevation angle [*]

N

00

|_~*nocloud

~#cloud OD: 1
cloud OD: 2
~#cloud OD: 5

IS

Height [km]

o

h

o = N

0 05 1 15

dAMFa
dAMFa

—-no cloud

17— =-cloud OD: 1
cloud OD: 2

-a-Ccloud OD: 5

NI

00 1 10
Elevation angle [°]

1 1‘0
Elevation angle []

Fig. 11. Influence of a thin cloud between 4 and 5km on the measured ¢AMFO, (top) and trace gases with other vertical profiles

on the dAMF, for different vertical profiles. Due to the “diffusing screen” effect (see Sects. 4.1.1 and 4.3) the measureg dfeViF

enhanced compared to clear sky conditions. With increasing profile height, the relative increase caused by the diffusing screen effect
increases (simulations for an aerosol layer between 0 and 1 km with AOD of 0.5, SZAandSelative azimuth angle = 3D

To minimise the influence of the SZA, the measured radi- DAMF measthe measured PDAMF and DAMFgjear the Oy
ance and @ DAMF are normalised using the clear sky ref- DAMF of the clear sky reference at the same SZA.
erence values. The normalisation is done in different ways: In Fig. 13 original and normalised radiances and O
for the Oy DAMF the effect of clouds compared to clear sky DAMFs for two (partly) cloudy days are presented. On
observations at the same SZA is mainly additive. Thus the12 September 2003 thin clouds are observed in a satellite
absolute difference between the measured values and the reifnage shown in the lower part of the figure. Compared to
erence values at the same SZA is calculated. For the radiana@e reference case (red lines), the observgdDBMF is
the absolute change due to clouds depends strongly on thenly weakly affected by these clouds (dark blue curves). In
SZA. Thus the relative difference between the measured valeontrast, the observed radiance shows deviations in the late
ues and the reference values at the same SZA is calculatedmorning indicating additional scattering by cloud particles.
RmeadSZA) — Rclear(SZA) On 9 Septe_mber 2003 a s_patially extended bright cloud
Reoar(SZA) cover is seen in the satellite image. C_ompared to the refer-
clear ence values, the fDAMFs are strongly increased and show
rapid variations indicating strong changes of the light path
length due to multiple scattering. For most of this day, the
observed radiance is lower compared to the reference values
indicating the presence of an optically thick cloud.
Based on all observations during the campaign, and af-
ter comparison with satellite images and AERONET data,

Rnorm(SZA) = (18)

O4,norm(SZA) = DAMF mead SZA) —DAMF clear(SZA)  (19)

Rnorm indicates the normalised radian@®yeasthe measured
radiance andR¢ear the radiance of the clear sky reference at
the same SZA; @Qnorm indicates the normalisedADAMF,
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Fig. 12. Results of aerosol inversions (top left) and trace gas inversions (center and bottom) for the simulations shown in Fig. 11 (the
forward model assumes clear sky conditions). For the aerosol retrieval and most trace gas retrievals, the diffusing screen effect leads to ar
underestimation. For trace gases located at relatively high altitude, also an overestimation can occur. Also the retrieved layer heights depenc
on the cloud properties (top right) (calculations for SZA 2 Alative azimuth angle = 3(.

we defined selection criteria to discriminate clear and cloudyalgorithm could be easily adapted to other (MAX-) DOAS
scenes. The definition of these criteria is to some degree arbimeasurements.

trary, and for other locations or measurement conditions dif-

ferent criteria or modified thresholds might be used. Based ) e

on our discrimination scheme, three cases (“clear sky”, “thin® Se€lected results and comparison with independent
clouds” and “thick clouds” can be distinguished. They are ~ data sets

|dentn_‘|ed using the selection cntenq pres_ented n Fig. 14'In the first part of this section, the diurnal variations for se-
One important feature of our algorithm is that not only

.~ lected days (results for individual elevation sequences) and
for the whole campaign (half hour averages) are shown and

ically the temporal variability of clouds is higher than that compared to independent data sets. In the second part, cor-

. . L relation analyses between different data sets are presented.
of aerosols; thus a rapid and strong variation of the observe ) X ) . i
o D n the third part, vertical profiles from aircraft observations
quantities is an indicator for the presence of clouds.

] - T are compared to the profiles retrieved from the MAX-DOAS
According to our discrimination scheme, 59% of all jpservations.

MAX-DOAS observations during the FORMAT-Il campaign  Note that all AOD results shown in this section were ob-

are classified as clear, 29 % are classified as influenced bbéined using a shape parameter of 1.1 (see Sect. 3.4). All

thin clouds, and 12% are classified as influenced by thick;.e gas results were obtained using a shape parameter of
clouds. An overview of the normalised radiance and the NOr-1 o poth for the aerosol and trace profile inversion.

malised Q AMF for the whole campaign is given in the Sup-
plement (Fig. S15). It should be noted that our classification

are used, but also criteria for their temporal variation. Typ-
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Fig. 13. Comparison of the @ DAMFs (top) and the radiance (middle) of selected days (blue curves) with those of clear sky reference days
(parameterised by polynomials of 5th order, red curves). The difference of the 04 DAMFs with respect to the clear sky reference (normalised
04 DAMF, see Eqg. 19) is shown as green curve. Also the relative difference of the radiance with respect to the clear sky reference (normalised
radiance, see Eg. 18) is shown as blue curve. On the selected days the MAX-DOAS measurements were affected by sporadic thin cloud:s
(left) or thick cloud cover (right) as also indicated by the MODIS satellite images in the bottom panel. As clear sky reference observations
of 6 and 14 September 2003 were used.

Variation of R for | [ diear R <50W? pr——— 5.1 Diurnal cycles and results for the whole campaign
successive & . . .
observations <20%? In Fig. 15 results for 4 selected days are presented, which dif-
Yes O, norm <0.7? _| Yes

& N 2 > fer both in atmospheric composition and measurement con-
[0} No

Variation of O, yorr |_> Variation of O, ditions. Diurnal cycles for all days of the measurements are
Ob‘;ogr\slzggizsl‘gz? obfsoéns,:ﬁgizsl\gw presentgd in the_SuppIement (Fig. S16). Note that thg aerosol

layer height, which was retrieved for a two-layer profile with
shape parameter &f=1.1, were multiplied by a factor of
two to be representative for the true aerosol layer height (see
Sect. 3.4 and Fig. 5). Only measurements are shown, for
which the differences between the measurements and the for-
ward model are smally? < 0.05, see Sect. 3.3). In addi-
tion, results were skipped for which the layer height showed
strong and rapid variations (of more than 3000 m between
subsequent measurements). Such cases occurred mainly on
cloudy days.

Fig. 14. Schematic description of the cloud classification scheme.
Rnormindicates the normalised radiance (Eq. 18),{gmindicates

the normalised @ DAMF (Eg. 19). The “&”-sign indicates that all
conditions have to be fulfilled to get a “yes” decision.
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a) 06 September 2003

b) 14 September 2003
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Fig. 15. Retrieval results of the AOD, mixing ratios of HCHO and B@nd layer heights from individual elevation sequences for selected

days. Also the results for the LP-DOAS and Hantzsch instrument and the AERONET AOD (at Ispra) are shown for comparison.

On the first selected day (6 September 2003, Fig. 15a) alWhile the HCHO layer height is almost constant throughout
telescopes were directed towards the south and (as expectetiie day, the layer heights of N@nd aerosols increase dur-
similar results are found for the three telescopes. The remaining the day, probably indicating the increase of the mixing
ing differences are a good indicator of the inherent uncertain{ayer height.
ties of the MAX-DOAS measurements and profile inversion.
Part of the differences might also be related to the fact thaber 2003, Fig. 15b) relatively low pollution levels prevail;
the elevation sequences of the different telescopes were nahe three telescopes were now directed into three distinct az-
synchronised. On 6 September 2003 the mixing ratios ofimuth directions. While for the mixing ratios of NCand
NO, and HCHO are relatively low compared to other days. HCHO good agreement for the three viewing angles is found,

www.atmos-meas-tech.

net/4/2685/2011/

Like on 6 September, on the next selected day (14 Septem-
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C) 19 September 2003 d) 22 September 2003
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Fig. 15. Continued.

the differences are larger for the AOD. They probably in- On the next selected day (19 September 2003, Fig. 15c)
dicate horizontal gradients within the area, for which the enhanced AOD and trace gas mixing ratios are retrieved (es-
MAX-DOAS measurements are sensitive to. The differentpecially between 08:00 and 12:00 UT). Interestingly, a simi-
dependencies of theA®AMF on the aerosol properties for lar spatio-temporal pattern is observed for aerosols; Al
different relative azimuth angles might contribute to the devi-HCHO: the peak values are observed first for the southern
ations. The HCHO layer height is almost constant during thetelescope, then for the western telescope and finally for the
day, whereas the aerosol layer decreases and theldN@r northern telescope, with the strongest enhancements for the
increases. northern telescope. These findings are consistent with an
assumed transport of a polluted air mass from south-west

Atmos. Meas. Tech., 4, 2683415 2011 www.atmos-meas-tech.net/4/2685/2011/
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towards north-east. Winds from south-east are also foundvith aj and b; the values of individual pairs of coincident
from back-trajectory calculations. The center of the pollutedmeasurements and the total number of measurement pairs.
air mass is probably located northwards from the measure- These two quantities together with the slope of the orthog-
ment site, because the highest levels of AOD and trace gasnal regression provide good information about the agree-
mixing ratios are found for the northern telescope. The layement between the compared data sets.
heights for the aerosols and trace gases are more similar and In addition to the comparison between MAX-DOAS re-
lower than on the days shown before. Interestingly, a similarsults and independent measurements, we made similar com-
variation of AOD and trace gas mixing ratios is found on sev- parisons between the MAX-DOAS results for the different
eral days of these period (17-20 September 2003). Note thatlescopes. In the following sections, the results of the corre-
the extremely high values of the N@nd HCHO mixing ra-  lation analyses are discussed; the corresponding graphics are
tios for the northern telescope should be considered with cargresented in the Supplement (Figs. S5-S14).
since during these measurements strong temporal variations
(corresponding to strong spatial gradients) appeared. 5.2.1 Aerosols

On the last selected day (22 September 2003, Fig. 15d)
high AODs were still measured, but the trace gas mixing ra-AODs retrieved from the MAX-DOAS measurements are
tios are lower than on the previous days. The aerosol layegompared to the AODs measured by sun photometer
height is almost constant during the day, whereas the NO (ARERONET) at Ispra. Only clear sky measurements from
layer height increases. The HCHO layer height shows enl12-26 September 2003 were considered. During that pe-
hanced values at the end of the day. riod the three telescopes were directed into three different az-

Time series (half hour averages) of AODs, trace gas mix-muth angles (north, south, west). Periods with strong tempo-
ing ratios and layer heights for the whole measurement camt@l variations (representing strong horizontal gradients) like
paign (4—26 September 2003) are shown in Fig. 16. In genin Fig. 15c are excluded. Also, measurements with layer
eral, the retrieved layer heights for aerosols and HCHO ard€ights>5km; or rapid variations of the layer height be-
similar but higher than those for NODiurnal cycles of re- ~ fween subsequent measurement3 km) were excluded, be-
sults of individual elevation sequences are presented in théause they indicate unstable profile inversions.

Supplement (Fig. S16). For orthogonal linear regression the uncertainties of the
MAX-DOAS results shown in Table 3 are used. For the three
5.2 Correlation analyses telescopes, moderate correlations were found (coefficients of

determination 2) between 0.42 and 0.61). The slopes of
In the following sections correlation analyses between thethe regression lines range between 0.83 and 1.00 with the
MAX-DOAS results and coincident results from indepen- highest AODs in northerly directions (see Fig. S5 in the Sup-
dent measurements are presented. The correlation analysement). Similar results are also found for the mean value
were performed for half hour averages using an orthogonapf the individual ratiog A/B) and the ratio of the mean val-
linear regression (Cantrell, 2008). One important aspect is tdles(A)/(B) of both data sets (Egs. 20 and 21). The ratios for
use a realistic estimate for the respective measurement errorée northern telescope are even larger than 1 (up to 1.22). The
To avoid effects of different error definitions for the MAX- individual results for the slopes and ratios are summarised in
DOAS retrievals and independent data sets, we decided tdable 4.
use the parameterised MAX-DOAS errors (see Sect. 3.3 and MAX-DOAS AODs are also compared for different cloud
Table 3) for the other data sets as well. Of course, this choic&over (clear sky and, thin clouds according to the classifica-
is far from perfect. But since not only the respective mea-tion presented in Sect. 4.2). Here, the AODs retrieved from
surement uncertainties play a role, but also different air vol-the southern telescope were selected, because that telescope
umes are probed (partly at different locations), it is probablywas directed to the same azimuth angle during the whole
not a bad choice. However, since the fit of the regressiorcampaign. Only a few measurements could be compared for
line depends systematically on the assumed errors, the inthin cloud conditions (for thick clouds no coincident mea-
terpretation of the determined slope and y-intercepts shoulgurements were found). The rather few coincidences for
be treated with caution. In addition to the results of the or-cloudy conditions are caused by two reasons: first, during
thogonal regression, we also calculated the mean values dhe campaign clouds were present only during relatively few
the individual ratios{A/B) and also the ratios of the mean periods (thin clouds: 29 %, thick clouds: 12%). Second,
values(A)/(B) of the compared data sets: under cloudy conditions, AERONET sun photometer mea-

surements are not available (of course the cloud conditions

(A)/(B) = > a (20) between Bresso and Ispra can differ). The few data points for
/{B)= > bi thin clouds indicate that even under these conditions, MAX-
DOAS observations are sensitive to varying aerosol extinc-

3 ai/bi tion (see Fig. S6 in the Supplement). However, compared to

(A/B) = =~ (21)  the clear sky observations the slope of the regression line is
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Fig. 16. Half hour averages of the AOD, mixing ratios of N@nd HCHO and layer heights for the whole campaign. Also the results for

the LP-DOAS and Hantzsch instrument and the AERONET AOD (at Ispra) are shown for comparison. Only measurements are shown, for

which the differences between the measurements and the forward model arq@mad].OS). Also periods with large horizontal gradients

were skipped (see text). In addition, aerosol results for which the AOD varies more than 0.5 between successive measurements were als

discarded.

systematically smaller and the scatter is larger. The underAOD are between 0.94 and 1.10; the slopes and ratios for
estimation is most probably the result of the diffusing screenthe aerosol layer height are between 0.95 and 1.07, and the
effect (see Sect. 4.3). The results for slopes and ratios arslopes and ratios for the aerosol extinction are between 0.94

summarised in Table 5.

and 1.10. During the second part of the campaign, when the

Correlation analyses between the results for the differentelescopes were directed at different azimuth angles (north,
telescopes were also performed (for details see Fig. S7 in thwest, south), as expected less consistency was found: the
Supplement). During the first part of the campaign, when theslopes and ratios for the AOD are between 0.79 and 1.38; the
telescopes were directed at the same azimuth angle (southjlopes and ratios for the aerosol layer height are between 0.74
good consistency was found: the slopes and ratios for th@nd 1.36, and the slopes and ratios for the aerosol extinction

Atmos. Meas. Tech., 4, 2683415 2011
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Table 4. Comparison results of MAX-DOAS observations and independent measurements for clear sky observations from 12 September to
26 September (see text). Besides the slopes of the fitted regression line, the mean value of the individ(4) Bitittee ratio of the mean
values(A)/(B) (see Egs. 20 and 21) and the coefficient of determinatibnare shown. Also included are the comparison results for the
HCHO mixing ratios from LP-DOAS versus Hantzsch (bottom).

slope,(A/B), (A)/(B)
2

Comparison South North West
AOD MAX-DOAS versus 0.90,0.85,0.93 1.00,1.06,1.22 0.83,0.83,0.95
AERONET 0.56 0.61 0.42
NO, mixing ratio MAX- 0.76,0.73,0.77 1.00,0.88,0.93 1.16,0.99, 1.05
DOAS versus LP-DOAS 0.81 0.74 0.73
HCHO mixing ratio MAX- 1.08,1.11,1.22 1.30,1.28,1.54 1.22,1.29,1.52
DOAS versus LP-DOAS 0.77 0.74 0.75
HCHO mixing ratio MAX- 1.25,0.93,1.13 1.36,1.26,1.41 1.23,1.28,1.43
DOAS versus Hantzsch 0.75 0.53 0.69
HCHO mixing ratio Hantzsch 0.90, 0.99, 139 0.87, 0.83, 0.99
versus LP-DOAS 0.73 0.56

2 Results for the same period as for the comparison between MAX-DOAS data and independent measurements (12 to 26 September).
b Results for all coincident LP-DOAS and Hantzsch measurements.

Table 5. Comparison results of MAX-DOAS observations and independent measurements for different cloud cover for the southern telescope
(4 September to 26 September, see text). Besides the slopes of the fitted regression line, the mean value of the individyaByaties
ratio of the mean valueisA) /(B) (see Egs. 20 and 21) and the coefficient of determinatfdrare shown.

slope,(A/B), (A)/(B)

2
,

Comparison Clear sky Thin clouds Thick clouds
AOD MAX-DOAS versus 0.86,0.84,0.93 0.68,0.74,0.85 no measurements
AERONET 0.59 0.32
NO> mixing ratio MAX- 0.78,0.75,0.79 0.76,0.73,0.75 0.69, 0.84, 0.96
DOAS versus LP-DOAS 0.79 0.77 0.71
HCHO mixing ratio MAX-  1.07,1.11,1.22 1.40,1.25,1.42 no measurements
DOAS versus LP-DOAS 0.77 0.28
HCHO mixing ratio MAX-  1.29,1.08,1.10 1.64,1.35,1.45 no measurements
DOAS versus Hantzsch 0.76 0.45

are between 0.84 and 1.31. The larger differences probaMAX-DOAS results, reasonable correlations with the LP-
bly indicate different sensitivities for the different relative DOAS results are found with coefficients of determination

azimuth angles and effects of horizontal gradients. (r?) between 0.74 and 0.81. The slopes of the linear regres-
sion range from 0.76 to 1.16 (see Fig. S8 in the Supplement).
5.2.2 NGO Similar results are also found for the mean value of the in-

dividual ratios and the ratio of the mean values of both data
MAX-DOAS NO, mixing ratios are compared to the re- Sets. The relatively large differences between both data sets
sults from the LP-DOAS (clear sky measurements from 12-is probably related to the fact that LP-DOAS is only sensi-

26 September 2003). Again, periods with strong temporal_tiVe to NO, concentrations close to the surface between the
variations (representing strong horizontal gradients), like ininstrument and the retro-reflectors, whereas the MAX-DOAS

Fig. 15c are excluded. Measurements with layer heightsobservations are also sensitive to further distances and higher
~2.5km were excluded as well, because they indicate unaltitudes. The higher values for the western and northern fac-
stable profile inversions. For the orthogonal linear regresing MAX-DOAS measurements are probably caused by fresh
sion, the uncertainties of the MAX-DOAS results (and the NOx emissions from the nearby motorways. The results for
LP-DOAS results) shown in Table 3 were used. For theslopes and ratios are summarised in Table 4.

www.atmos-meas-tech.net/4/2685/2011/ Atmos. Meas. Tech., 4, 28852011
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NO> mixing ratios from MAX-DOAS are also compared layer extends to higher altitudes than the N@yer. The re-
for different cloud cover (clear sky, thin clouds, and thick sults for slopes and ratios are summarised in Table 5.
clouds). For the observations under thin and thick clouds, It is interesting to note that the correlation between the
rather good correlations and similar slopes as exhibited foHantzsch instrument and the LP-DOAS is similar to the
clear sky conditions are found (see Fig. S9 in the Supple-MAX-DOAS comparisons with either independent measure-
ment). Obviously the retrieval of NOmixing ratios is less  ment, but the slopes and ratios are closer to unity. For the
affected by the presence of clouds compared to the AOD (seahole measurement campaign a coefficient of determination
Sect. 4.3). The results for slopes and ratios are summarise@?) of 0.56 and slope of 0.87 (Hantzsch versus LP-DOAS) is
in Table 5. obtained; the mean value of the individual ratios is 0.83 and

Correlation analyses between the results for the differenthe ratio of the mean values is 0.90. If only clear sky obser-
telescopes were also performed (for more details see Fig. S1¢ations between 12 and 26 September 2003 are considered,
in the Supplement). During the first part of the campaign,a coefficient of determination-) of 0.73 and slope of 0.90
when the telescopes were directed at the same azimuth affHantzsch versus LP-DOAS) is obtained; the mean value of
gle (south), good consistency was found: the slopes and rathe individual ratios is 0.99 and the ratio of the mean values is
tios for the NQ VCD are between 0.97 and 1.09; the slopes 1.09. The results for slopes and ratios are summarised in Ta-
and ratios for the N@ mixing ratios are between 0.96 and ble 4. Similar results have been reported in Hak et al. (2005).
1.04; the slopes and ratios for the Bl@yer height are be- However, it should be noted that therein a white cell (not
tween 0.97 and 1.06. During the second part of the campaigripng path) DOAS instrument was compared to Hantzsch in-
when the telescopes were directed at different azimuth anglestruments.
(north, west, south), as expected less consistency was found: Correlation analyses between the results for the different
the slopes and ratios for the NO&'CD are between 0.94 and telescopes were performed (for more details see Fig. S13
1.19; the slopes and ratios for the pl@ixing ratios are be-  in the Supplement). During the first part of the campaign,
tween 0.82 and 1.42; the slopes and ratios for the §er  when the telescopes were directed at the same azimuth an-
height are between 0.87 and 1.26. Again, this probably indi-gle (south), fair consistency was found: the slopes and ratios
cates different sensitivities for the different relative azimuth for the HCHO VCD are between 0.88 and 1.25; the slopes

angles and effects of horizontal gradients. and ratios for the HCHO mixing ratios are between 0.87 and
1.11; the slopes and ratios for the HCHO layer height are be-
5.2.3 HCHO tween 0.83 and 1.31. During the second part of the campaign,

when the telescopes were directed at different azimuth an-

MAX-DOAS HCHO mixing ratios are compared to results gles (north, west, south), the consistency was slightly worse:
from the LP-DOAS and the Hantzsch instruments (clear skythe slopes and ratios for the HCHO VCD are between 0.84
measurements from 12—-26 September 2003). Again, periodgnd 1.35; the slopes and ratios for the HCHO mixing ratios
with strong temporal variations (representing strong horizon-are petween 0.92 and 1.17; and the slopes and ratios for the
tal gl’adients) like in F|g 15c are excluded. Also measure'HCHO |ayer he|ght are between 0.81 and 1.43. For HCHO’
ments with layer heights-2.5km were excluded, because the uncertainties of the inversion results are generally higher;
they indicate unstable profile inversions. For the orthogo-thys effects of the different sensitivities for the different rel-
nal linear regression, the uncertainties of the MAX-DOAS ative azimuth angles and effects of horizontal gradients are
results as shown in Table 3 were used. not as important (compared to other uncertainties) as for the

For the three telescopes reasonable correlations with regther retrievals.
spect to the results of the LP-DOAS and the Hantzsch in-
struments are found; with coefficients of determinatiof) (  5.2.4 Trace gas VCDs
between 0.53 and 0.77. The slopes of the linear regression
are between 1.08 and 1.36 (see Fig. S11 in the Supplementgo called geometric VCDs (Eq. 17) are often used for the
Similar results are found for the mean value of the individual validation of satellite observations of tropospheric trace gas
ratios and the ratio of the mean values of both data sets. Th#CDs (Brinksma et al., 2008). Since in their determination
results for slopes and ratios are summarised in Table 4. scattering by molecules and aerosols is neglected, they are

HCHO mixing ratios from MAX-DOAS are compared for affected by systematic errors depending on the layer height,
different cloud cover (clear sky and thin clouds). Like for AOD and viewing geometry. To estimate these errors, we
NO,, a rather good correlation with the independent mea-compared the “geometric” VCDs (using elevation angles of
surements is still obtained for thin clouds, but the slope of18° and 90, see Eq. 17) for N@ and HCHO to the cor-
the regression line is now systematically larger than for clearesponding VCDs obtained from the profile inversion (see
sky conditions (see Fig. S12 in the Supplement). Again, thisFig. S14 in the Supplement). For NQelatively good agree-
finding can in principle be explained by the diffusing screenment is found (slopes and ratios between 0.88 and 1.03),
effect on the trace gases profile retrievals (see Sect. 4.3). Thieut for HCHO the geometric VCDs systematically underes-
overestimation is probably caused by the fact that the HCHQtimate the VCDs obtained by the profile inversion (slopes

Atmos. Meas. Tech., 4, 2683415 2011 www.atmos-meas-tech.net/4/2685/2011/
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Table 6. Comparison results of geometric trace gas VCDs (usirigal®l 90 elevation angles) versus VCDs from the MAX-DOAS profile
retrieval for clear sky observations from 12 to 26 September, see text). Besides the slopes of the fitted regression line, the mean value of the
individual ratios(A/B) the ratio of the mean valugd)/(B) (see Egs. 20 and 21) and the coefficient of determinatfarare shown.

slope,(A/B), (A)/(B)

r

Comparison South North West
NO, VCDgeoVversus VCD 0.88,0.88,0.91 0.96,0.99,1.03 0.92,0.91,0.96
from profile retrieval 0.88 0.96 0.86
HCHO VCDgeoVersus VCD  0.66,0.77,0.84 0.74,0.88,0.93 0.67,0.75,0.78
from profile retrieval 0.71 0.81 0.74

and ratios between 0.66 and 0.93). The results for slope&orizontally in the west. South of the river Po a second pro-
and ratios are summarised in Table 6. We investigated possfile was added up t6-1600 m a.s.l. before the flights finally
ble reasons for these dependencies by calculating the relativended at Spessa. Note that on 18 September, a modified flight

differences between both types of VCDs: track was chosen with the north-south transect also flown east
of Milano.
AVCDye| = VCD—VCDqgeo (22) In Fig. 17 the HCHO and aerosol profiles are compared
VCD to the MAX-DOAS results for the time of the aircraft mea-

While no clear correlation oAVCDye with the AOD was surements£30 min). Note that the aerosol measurements
found (not shown)AVCD;e shows a systematic dependence do not provide aerosol optical properties, but aerosol con-
on the layer height (for details of the correlation analyses se€entration profiles (here profiles of the number densities with
Fig. S14 in the Supplement). This dependence indicates thd@dii >300 nm are shown); thus only a qualitative compari-

the neglect of scattering by molecules and aerosols becomex®n with the aerosol optical properties retrieved from MAX-

more important for vertically extended trace gas layers. ForPOAS is possible.

layer heights below 1000 m, the error of the geometric VCD The vertical profiles of the aerosol and HCHO in-situ mea-

is typically within 20 %. surements were quite different on 18/19 September and 22
and 25 September. While the first two days resembled the
5.3 Comparison to vertical profiles vertical distributions of clear days without clouds, the lat-

ter days were more typical for cloudy conditions with some

On several days during the FORMAT-1I campaign, vertical cloud processing and transport of aerosols and HCHO into
profiles of the HCHO mixing ratio and aerosol particle con- layer above the planetary boundary layer. On the afternoon
centration were measured from an ultra light aircraft (Junker-of 22 September and whole of 25 September clouds were
mann, 2009). Although due to airspace regulations, thes@resent (see Fig. S15).
measurements were restricted to areas outside the city of Mi- On 18 and 19 September 2003, similar HCHO and aerosol
lano (typical distance to the measurement site was 20 km), iprofiles were measured from the aircraft (Fig. 17a, b). The
is interesting to compare the obtained profiles with the MAX- heights of the HCHO and aerosol layers range from 1000 m
DOAS results. Also, the horizontal heterogeneity can be esup to about 1400 m. The vertical gradient of the aerosol
timated from the aircraft measurements. Here it is interestingzoncentration is slightly steeper than that of HCHO. The
to note that the sensitivity of the MAX-DOAS measurements HCHO layer height derived from MAX-DOAS is variable,
is typically limited to within a horizontal distance of about but agrees roughly with the aircraft measurements. In con-
5km. trast, the aerosol layer from MAX-DOAS height is systemat-

The flight patterns flown from the airfield of Spessa, southically lower (by about 100 to 400 m). Besides possible mea-
of Milano consisted of a horizontal flight below 500 m pass- surement and retrieval errors, these differences might also be
ing east of the restricted airspace of Milano Linate airport fol- related to strong horizontal gradients as indicated by the dif-
lowed by a short descent to about 300 m over the runway oference of the profiles south and north of Milano. It should
the Lecco Monte Marenzo. North of this airfield the permit- be noted that compared to other parts of the day the MAX-
ted airspace for visual flight rules extends up to 3000 m a.s.IDOAS aerosol layer heights were lower during the aircraft
The aircraft here flew spirals climbing up to 3000 m over the measurements.
city of Lecco and the nearby Lago di Pusiano. A short hor- On 22 September 2003 no clearly defined single layers are
izontal transect led west to the city of Como, where the de-measured by the aircraft. The HCHO mixing ratios gradually
scent was flown with spirals of a diameter-o8 km. Reach-  decrease with altitude. For the aerosol concentration two dis-
ing the level of~500 m a.g.l. the return flight passed Milano tinct layers were present. The HCHO layer heights retrieved
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Fig. 17. Vertical profiles of the aerosol number density (for rad800 nm) and HCHO mixing ratio measured by an ultra light aircraft. The
respective flight tracks and the location of Bresso are indicated in the right part of the figure. Also shown are the layer heights retrieved from
MAX-DOAS at Bresso during the period30 min) of the aircraft measurements.

from MAX-DOAS are between 900 and 1300 m. The aerosol It is interesting to note that the HCHO mixing ratios were

layer heights retrieved from MAX-DOAS are slightly higher not correlated to large particles but were nearly proportional

than the lowest aerosol layer. Again large horizontal gradi-the small (ultra-fine) particle concentrations. These parti-

ents of the aerosol concentration were measured by the aieles are co-emitted with HCHO during the frequent biomass

craft. burning events. This result is possibly not relevant for the
On 25 September 2003 rather high layer heights (up toHCHO MAX-DOAS measurements but explains the compa-

about 2000 m) were measured from the aircraft. Higher layerably high mixing ratios in the south.

heights are also retrieved from MAX-DOAS; in particular the

aerosol layer height agrees well with the aircraft profiles.
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6 Summary and conclusions reflect the larger errors of the DOAS retrieval, because the at-
mospheric HCHO absorptions are typically weaker than the
In this study a simple profile inversion scheme for the re-NO, absorption.
trieval of aerosol extinction and trace gas concentrations During the second part of the campaign, the three tele-
from MAX-DOAS observations (similar to that developed by scopes were directed at three different azimuth angles (north,
Lietal., 2010) is applied to MAX-DOAS measurements dur- west, south). Now, larger differences between the three tele-
ing the FORMAT-II campaign in September 2003 in Bresso scopes are found, which also reflect the effects of different
(north of Milano, Italy) from 4-26 September 2003. A relative azimuth angles and the spatio-temporal variability
similar prototype study for MAX-DOAS profile retrievals of the aerosol and trace gas concentrations. For the aerosol
for a limited data set was already conducted by Heckel efprofile inversion, the optical depths and layer heights for the
al. (2005). Our inversion scheme yields two profile param-three telescopes were consistent withiB8 % and+36 %,
eters: besides the integrated quantities (trace gas VCD ofespectively. For the N©profile inversion the VCDs, mix-
aerosol optical depth), the layer height is also determineding ratios and layer heights were consistent withih9 %,
from both quantities the average aerosol extinction or tracet42 %, ancd-26 %, respectively. For the HCHO profile in-
gas concentration is also obtained. In principle, informationversion the VCDs, mixing ratios, and layer heights were con-
on the relative profile shape could be derived, but for oursistent within=35 %, 424 %, ancd=43 %, respectively. The
measurements only two independent parameters could be r¢arge differences for the NfOmixing ratios are probably re-
trieved in a standardised way for all measurements. The prolated to large horizontal gradients at the measurement site
file inversion is performed for individual elevation sequencescaused by nearby motorways in northerly and westerly di-
with a time resolution for individual profiles of about 10 min. rections. Here it might be interesting to note that possible
Profile inversions were possible on 23 days (with severalfuture inversions algorithms for MAX-DOAS measurements
gaps mainly caused by clouds). According to the retrievedwith different azimuth angles might retrieve not only vertical
trace gas and aerosol data, three characteristic periods can beofiles, but also horizontal gradients in one inversion step.
distinguished: The first period (4—14 September 2003) was In addition to the comparisons between the different tele-
partly cloudy with relatively low AOD and trace gas mix- scopes, the MAX-DOAS results were compared to the re-
ing ratios. The second period (from 15-22 September 2003}ults of independent measurements. Depending on the view-
was characterised by many clear days (see also Junkermaning direction, the AODs retrieved from the MAX-DOAS ob-
2009; Liu et al., 2007; Steinbacher et al., 2005a, b; Wit-servations were either found to be smaller or larger than the
trock, 2006) with enhanced with enhanced AODs and traceAERONET AODs (slopes of the regression lines and ratios
gas mixing ratios. between the data sets between 0.83 and 1.22). Here it should
The third period (23—-26 September 2003) was similar tobe noted that the AERONET station at Ispra is located about
the first period. For HCHO and aerosols in general similar50 km north-west of Bresso.
layer heights were found; the NQ@ayer height was typically The NG mixing ratios retrieved from MAX-DOAS are
lower than for HCHO and aerosols, but increased systemateither smaller or larger than the results from the long path
ically during the day. The temporal evolution of the MAX- DOAS (slopes of the regression lines and average ratios be-
DOAS results is similar to those described in other studiestween the data sets between 0.73 and 1.16). The HCHO mix-
of the FORMAT-II campaign (Junkermann, 2009; Liu et al., ing ratios retrieved from the MAX-DOAS observations are
2007; Steinbacher et al., 2005a, b; Wittrock, 2006). mostly higher than those retrieved from the long path DOAS
One speciality of our MAX-DOAS observations is the (slopes of the regression lines and average ratios between the
simultaneous measurement from three separate telescopeatata sets between 1.08 and 1.54), and the Hantzsch instru-
During the first part of the campaign, the three telescopesnent (slopes of the regression lines and average ratios be-
were directed to the same azimuth angle (towards the southjween the data sets between 1.23 and 1.43). The correlation
From the differences between the results for the three telebetween the MAX-DOAS results and the independent mea-
scopes the inherent precision of the profile inversions can basurements is similar to the correlation between both indepen-
estimated. We estimated the consistency between the difdent measurements themselves (Hantzsch instrument versus
ferent telescopes from the slopes of the correlation analysitong path DOAS).
and the ratios between the respective results (see Sect. 5.2). On 4 days, vertical profiles of HCHO and aerosols mea-
For the aerosol profile inversion, the optical depths and layesured from an ultra light aircraft were available and were
heights for the three telescopes were consistent withid % compared to the respective MAX-DOAS layer heights. The
and 7 %, respectively. For the NOprofile inversion, the aircraft was flown around Milano, but unfortunately mea-
VCDs, mixing ratios and layer heights were consistent withinsurements directly above Bresso were not available due to
+9 %, £4 %, and+6 %, respectively. For the HCHO profile airspace restrictions. Overall, reasonable agreement with the
inversion the VCDs, mixing ratios and layer heights were MAX-DOAS profile heights was found. Deviations might in-
consistent withint=25 %, £13 %, and+31 %, respectively. dicate errors of the MAX-DOAS measurements or the profile
The larger deviations of the HCHO results probably mainly retrieval, but are probably also related to horizontal gradients.

www.atmos-meas-tech.net/4/2685/2011/ Atmos. Meas. Tech., 4, 28852011



2714 T. Wagner et al.: Tropospheric trace gas and aerosol profiles from MAX DOAS

Besides the profile inversions for aerosols and trace gase&antrell, C. A.: Technical Note: Review of methods for linear least-
an important aspect of our study was to investigate the ef- squares fitting of data and application to atmospheric chemistry
fects of clouds on the inversion results. For that purpose, Problems, Atmos. Chem. Phys., 8, 5477-5483;10.5194/acp-

a cloud discrimination scheme was developed and applied, 8-5477-20082008. _

which makes use of the results of the zenith viewing di- €'emer. K., Van Roozendael, M., Fayt, C., Hendrick, F., Hermans,
rections of the MAX-DOAS measurements. Based on this Cv Pinardi, G., Spurr, R., Wang, P., and De Mag| M.: Mul-
scheme, the effects of clouds on the profile inversion results tiple wavelength retrieval of tropospheric aerosol optical proper-

. . ) ties from MAXDOAS measurements in Beijing, Atmos. Meas.
were investigated. It was found that the aerosol optical depth 1., 3 863-87810i:10.5194/amt-3-863-2012010.

is systematically underestimated and the HCHO mixing ra-peytschmann, T.: Atmospheric Radiative Transfer Modelling with
tio is systematically overestimated in the presence of clouds. Monte Carlo Methods, Diploma thesis, University of Heidelberg,

In contrast, the N@mixing ratios are only slightly affected.

2008.

These findings could be in principle reproduced by radiativeDeutschmann, T., Beirle, S., FrieR, U., Grzegorski, M., Kern, C.,

transfer simulations.

Our study demonstrates that a simple profile inversion pro-

Kritten, L., Platt, U., Pukite, J., Wagner, T., Werner, B., and
Pfeilsticker, K.: The Monte Carlo Atmospheric Radiative Trans-

cedure for aerosols and trace gases can be successfully ap_fer Model McArtim: Introduction and Validation of Jacobians

plied to MAX-DOAS observations in the UV. Together with

the cloud classification scheme this method is well suited

for use on a routine basis. One important limitation of our
MAX-DOAS observations was the lack of very low eleva-

tion angles £3°). Future measurements should include such

and 3D Features, J. Quant. Spectrosc. Ra., 112, 1119-1137,
doi:10.1016/j.jgsrt.2010.12.002011.

Dubovik, O., Holben, B. N., Eck, T. F., Smirnov, A., Kaufman, Y.

J., King, M. D., Tane, D., and Slutsker, I.: Variability of ab-
sorption and optical properties of key aerosol types observed in
worldwide locations, J. Atmos. Sci., 59, 590-608, 2002.

low elevation angles to improve the sensitivity of the methodgyle, F,, Pfeilsticker, K., and Platt, U.: On the influence of tropo-

to retrieve relative profile shapes.

Supplementary material related to this

article is available online at:
http://www.atmos-meas-tech.net/4/2685/2011/
amt-4-2685-2011-supplement.zip
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