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Abstract. Nitrogen dioxide (NQ) vertical tropospheric VTCs. Further analysis indicates small GOME columns be-
column densities (VTCs) retrieved from the Global Ozoneing systematically smaller than the ground-based ones. The
Monitoring Experiment (GOME) are compared to coincident influence of different shapes in the a priori and the ground-
ground-based tropospheric NGolumns. The ground-based based NQ@ profile is analysed by considering AK informa-
columns are deduced from in situ measurements at differention. It is moderate and indicates similar shapes of the pro-
altitudes in the Alps for 1997 to June 2003, yielding a uniquefiles for clear sky conditions. Only for large GOME columns,
long-term comparison of GOME NO/TC data retrieved by  differences between the profile shapes explain the larger part
a collaboration of KNMI (Royal Netherlands Meteorologi- of the relative difference. In contrast, the other error sources
cal Institute) and BIRA/IASB (Belgian Institute for Space give rise to the larger relative differences found towards
Aeronomy) with independently derived tropospheric NO smaller columns. Further, for the clear sky cases, errors from
profiles. A first comparison relates the GOME retrieved tro- different sources are found to compensate each other par-
pospheric columns to the tropospheric columns obtained byially. The comparison for cloudy cases indicates a poorer
integrating the ground-based N@easurements. For a sec- agreement between the columns (n=60, R=0.61). The mean
ond comparison, the tropospheric profiles constructed fronrelative difference between the columns is 60% with a stan-
the ground-based measurements are first multiplied with thelard deviation of 118% and GOME on average overestimat-
averaging kernel (AK) of the GOME retrieval. The second ing the ground-based columns. The clear improvement after
approach makes the comparison independent from the a princlusion of AK information (n=60, R=0.87) suggests larger
ori NOy profile used in the GOME retrieval. This allows errors in the a priori N@ profiles under cloudy conditions
splitting the total difference between the column data setsand demonstrates the importance of using accurate profile in-
into two contributions: one that is due to differences betweenformation for (partially) clouded scenes.

the a priori and the ground-based pProfile shapes, and
another that can be attributed to uncertainties in both the re-

maining retrieval parameters (such as, e.g., surface albedo )

or aerosol concentration) and the ground-based in sity NO1 Introduction

profiles. For anticyclonic clear sky conditions the compari- o ) ) )

son indicates a good agreement between the columns (n=15Mitrogen dioxide (NQ) is one of the most important air pol-
R=0.70/0.74 for the first/second comparison approach, relutants in the tropospherg. It directly affects human health
spectively). The mean relative difference (with respect to@nd plays a major role in the production of ground-level
the ground-based columns) is7% with a standard devia- 0Zone (Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts,
tion of 40% and GOME on average slightly underestimating 2000). Furthermore, Solomon et al. (1999) pointed out the
the ground-based columns. Both data sets show a simila¢limatic effect of NG as an absorber of solar radiation.

seasonal behaviour with a distinct maximum of springpNO ~ The bulk of the emitted NO(=NO+NGQ) is of anthro-
pogenic origin (Brasseur, 2003). The primarily emitted ni-

Correspondence td). Schaub trogen oxide (NO) oxidises to NfOwithin seconds to min-
(daniel.schaub@empa.ch) utes. The latter is removed from the troposphere after being
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Table 1. Recent works on validation and/or intercomparison of space-bornevd@ical tropospheric column densities with independent
measurement data.

Author Data: instru- Method (location) Investigated Main result
ment  (data period
provider)

Petritoli et al. (2004) GOME (lUP Ground-based DOAS 2000-2001
Bremen) (Mt. Cimone, ltaly)
GOME (IUP Insitu measurements (Fer-2000-2001
Bremen) rara, Po-Valley)
SCIAMACHY AMAXDOAS (Alps, Po-
(IUP Bremen) Valley, Mediterranean)

GOME (IUP Surface (PBL) measure- 1996-2002

GOME smaller by 14%

Annual cycle
duced by GOME
SCIAMACHY higher

by 7%
GOME best agrees for

Petritoli et al. (2004) repro-

Heue et al. (2005) Feb 2003

Ordofiez et al. (2006)

Bremen) ments combined with slightly polluted sta-
CTM-NO, profile shape tions
(Lombardy)
Heland et al. (2002) GOME (IUP In situ aircraft NG profile 2 May 2001 GOME smaller by 3%
Bremen) (Austria)
Martin et al. (2004) GOME (CfA In situ aircraft NQ pro- June/July 1999 GOME smaller by 8%
Cambridge, files (Texas, Tennessee) Aug/Sep 2000
MA)

converted to nitric acid (HNg) which deposits (Kramm et
al., 1995). During daytime, HN®is formed through the
reaction of NQ with the OH radical. During night time,
a two step reaction chain forms nitrogen pentoxide@h).

measurements. Some recent works on validation op NO
VTCs are summarised in Table 1. The comparison of GOME
NO, VTCs with ground-based DOAS measurements car-
ried out at Mount Cimone (Italy) yielded a good agreement

The latter further reacts on surfaces and aerosol to 5INO for situations with horizontally homogeneous distribution of
(Dentener and Crutzen, 1993). The resultingNif@time is  the pollution distribution (Petritoli et al., 2004). Heue et
highly variable with an annual average boundary layer life-al. (2005) used the Airborne Multi Axis DOAS (AMAX-
time in the order of one day (Warneck, 2000). During photo- DOAS) instrument on board the DLR Falcon to validate
chemically active summer days, the lifetime can be reducedSCIAMACHY (Scanning Imaging Absorption Spectrometer
to only a few hours (e.g. Spicer, 1982). An increasing life- for Atmospheric Chartography; Bovensmann et al., 1999)
time up to several days is found with increasing height in theNO, VTCs over lItaly in February 2003 and found SCIA-
troposphere (Jaeglet al., 1998; Seinfeld and Pandis, 1998; MACHY values to be systematically higher than AMAX-
Warneck, 2000). The mainly near-ground emissions of ni-DOAS by approximately 7%.
trogen species over industrialised areas, their production and
loss reactions and meteorological transport lead to a distinct Few comparisons including in situ data can be found in
vertical tropospheric profile of NPwith enhanced mixing literature. The fundamental problem when comparing in
ratios in the polluted boundary layer. situ measurements with column quantities arises from the
In terms of air quality in Switzerland, the NGollution fact that the latter integrate both horizontally and vertically,
situation has been improved during the last 15 years, butvhereas in situ measurements provide point (ground-based
the annual limit values are still exceeded in polluted areassite) or line (aircraft profile) information only. Petritoli et
(BUWAL, 2004). Therefore, monitoring of nitrogen oxides al. (2004) compared boundary layer in situ measurements
still plays an important role in order to examine reduction from the Po-valley with GOME N@ VTCs and found a
measures. In addition to the monitoring networks aroundgood qualitative correlation in the annual trend for high pol-
the globe, which provide ground-based in situiN@easure-  lution episodes. Omfiez et al. (2006) used 3-monthly av-
ments, space-borne spectrometers such as GOME (Burrowg/aged profile shapes from the chemistry transport model
et al., 1999) provide area-wide information about the,NO (CTM) MOZART-2 (Horowitz et al., 2003) that are scaled

vertical tropospheric column densities (VTCs) with a global With ground-based in situ measurements for comparison with
coverage within 0n|y a few days_ GOME NGO, VTCs in the Lombardy region (Italy). Because

the GOME NQ VTCs used in that study were retrieved
1.1 Previous validation or comparisons studies with spacebased on a priori profiles from the same CTM, the focus has
borne NG VTCs been on finding the best average boundary layer pollution
level that scales the CTM column to best fit the GOME mea-
Typically, for validation purposes, space-borne trace gassurements. The best agreement has been found for average
columns are compared to ground-based or airborne columpolluted situations.
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In a case study, one in situ N@rofile measured fromthe 2 Measurement data
DLR Falcon on a clear sky day above Austria has been used
by Heland et al. (2002) for a comparison with GOME. They 2.1 KNMI/BIRA GOME tropospheric N@observations
found a very small difference 6£0.1x 10'° molec cnt? be-
tween the GOME and the in situ column. Martin et al. (2004) The Global Ozone Monitoring Experiment (GOME) instru-
evaluated the consistency between GOME tropospherig NO ment on board ESA's ERS-2 satellite is a nadir-viewing spec-
columns and averaged aircraft profile measurements not cdrometer that measures upwelling radiance from the atmo-
inciding with the GOME observation. The latter two com- Sphere and solar irradiance. The satellite instrument takes
parisons are the only published comparisons of tropospheri@bservation at approximately 10:30 h local time and individ-
GOME NO; observations with independent tropospheric in Ual pixels cover an area of 32@0 kn?. The GOME princi-
situ profile measurements known to the authors. Furtherples are described by Burrows et al. (1999).
more, the comparison case study by Heland et al. (2002) is The GOME NQ VTCs studied in this work are the result
the only study that validates an individual GOME retrieval of a collaboration of KNMI and BIRA/IASB. GOME N
with a coincident aircraft profile. data are publicly available on a day-by-day basis from 1 April

Shortcomings of the validations/comparisons mentionedl996 until 30 June 2003 via ESA's TEMIS proje¢tttp://

above arise from their necessary focus on very limited num-WWW-temiS-n)- _ _
bers of coincident pixels (or even single pixels) or their use ~The first step of the retrieval is taken by BIRA/IASB based

of CTM derived NQ profile shapes. Furthermore, no study ©n the Differential Optical Absorption Spectroscopy (DOAS)
so far discussed the inclusion of averaging kernels for thede€chnique (Vandaele et al., 2005). It consists of the fitting
comparison of space-borne NOTCs with independently Of @ modelled spectrum to a GOME-measured reflectance

derived NG columns. spectrum in the spectral window from 426.3-451.3 nm. This
modelled spectrum takes into account the spectral features of
1.2 Present study absorption by N@, Oz, 0,-O2 and HO, and describes scat-

tering on clouds, aerosols and air molecules by a low-order

The present study compares GOME N@TCs from 1997 polynomial. The result of this first step is the so-called slant
to June 2003 with a set of NGolumns derived from in situ  column density (SCD) of N@ This SCD should be inter-
NO, measurements in Switzerland. Ground-based in sitPréted as the column integral of absorbing N@olecules
sites continuously measuring N@t different altitudes in the ~ @long the effective photon path from the sun through the at-

Alpine region are used to obtain troposphericN®@ofile in- ~ MOSphere to the GOME spectrometer. _
formation. New aspects of the present work are The second step of the retrieval is the separation of the

stratospheric contribution from the total SCD (Boersma et
al., 2004). This is achieved with a data-assimilation ap-
proach. In the data-assimilation step, N® TM4 (Dentener
et al., 2003) is made consistent with observed SCDs over un-
polluted areas. Subsequently, the stratospheric estimate is
subtracted from the total SCD. Note that the residual tropo-
spheric slant columnS(C Dyop) is insensitive to calibration
errors, as any offsets in the total and stratospheric SCDs will
cancel in the subtraction. Finally, tt# Dyqp is converted
into a VTC by applying the tropospheric air mass factor. The
) . . . latter is calculated with the Doubling Adding KNMI (DAK)
— the comparison through inclusion of averaging kernel 5 giative transfer model (Stammes, 2001) and represents the
information, best estimate of the length of the effective photon path for
a particular retrieval scene. The tropospheric air mass fac-
— the first investigation of tropospheric NQetrieval er-  tor depends on a priori assumptions on the state of the atmo-
rors under cloudy situations. sphere, including surface albedo, cloud fraction, cloud height
and the vertical distribution of N© For KNMI retrievals, a
Both the space-borne and the ground-based in situ measurgriori NO2 profiles for every location and all times are ob-
ment data are described in Sect. 2. The detailed method diined from the TM4 CTM. Cloud parameters are taken from
deducing the tropospheric N@olumn from ground-based the Fast Retrieval Scheme for Clouds from the Oxygen A
in situ measurements is introduced in Sect. 3. Sections 4 anbland (FRESCO) algorithm (Koelemeijer et al., 2001).
5 discuss the ground-based in situ columns (hereafter called During the above mentioned steps, a number of error
ground-based columns) and the comparison between the lasources can lead to inaccurate retrieval results. The error
ter and GOME NQ@ VTCs for anticyclonic clear sky and for budget of the tropospheric vertical columns has been studied
cloudy conditions, respectively. extensively in Boersma et al. (2004). Over polluted regions

— the first long-term comparison of GOME NO/TC
data retrieved by KNMI/BIRA (available at the Tropo-
spheric Emission Monitoring Internet Service (TEMIS)
web site http://www.temis.nl with independently de-
rived tropospheric N@profiles,

— the NOQ profile/column construction from ground-
based in situ measurements,

www.atmos-chem-phys.net/6/3211/2006/ Atmos. Chem. Phys., 6, 3229-2006
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Fig. 1. Ground-based in situ measurement stations in the PBL and at elevated sites used in the present study. GOME pixels with its centre
coordinates located within the rectangular frame above northern Switzerland are used for the comparison. The resulting region covered by
the GOME pixels of interest is additionally denoted.

as considered in the present study, errors in the SCD (e.g. dudoud top height, larger errors are expected for the retrieval of
to instrument noise, laboratory reference spectra errors, intereloudy scenes. The DAK radiative transfer model (Stammes,
ference with other absorbers and Ring effect) and in the sep2001) accounts for multiple scattering, but a detailed quanti-
aration of the stratospheric contribution from the total SCD tative error analysis has so far not been carried out for these
play a minor role. For such regions, the most critical errorissues. Preliminary simluations with the DAK showed that
source is the calculation of the tropospheric air mass factorlight penetrates quite far into the cloud and the 2\N&ignal
The latter depends on the a priori assumed gfofile shape, can originate from the upper half of the cloud. The FRESCO
the cloud fraction, the cloud top height, the surface spectrakffective cloud top height represents this by putting the ef-
reflectance (surface albedo, e.g. near land-snow boundarie§gctive reflective surface below the real cloud top. However,
and the aerosol optical thickness profile. Based on theoretthe above mentioned small error due to uncertainties in the
ical error sources and for cloud free conditions, Boersma etloud top height for clear sky conditions can be thought to
al. (2004) estimated mean tropospheric air mass factor unincrease when the clouds are associated with, e.g., frontal ac-
certainties for polluted regions-(.0x 10'° molec cnT?) of tivity. The vertical mixing of near ground pollution can then
15%, 2%, 15% and 9% due to the model parameters cloudead to a higher N@abundance near the cloud top, which in-
fraction, cloud top height, surface albedo and a priorioNO duces a larger error compared to the clear sky situation with
profile shape, respectively. The total mean uncertainty forthe bulk of the NQ residing well below the cloud height. An
the tropospheric air mass factor is estimated to be 29%, reexplicit quantification of the error of cloudy NO/TCs has
sulting in a total mean uncertainty for the N®TCs of 35—  so far not been given in literature, but we estimate it to be in
60%. No error due to aerosol is included for the KNMI NO the order of 100%.
retrievals. Boersma et al. (2004) have argued that the pres-
ence of aerosol modifies the retrieval of cloud fraction and2-2 Ground-based in situ measurements
height with the FRESCO algorithm. A comparison of the . . . . .

The Swiss National Air Pollution Monitoring Network

expected aerosol correction factor versus the actual correc-NABEL ides | d-based in si
tion effect from the cloud retrieval has shown that even for a( ) provides long-term ground-based in situ measure-

large aerosol optical thickness, the expected correction factoWentS' Elanetary boqndary layer (PBL) statlc_)ns representa-
and actual correction effect agree to within 10%. Boersma ofive for different pollution levels as well as stations located at
al. (2004) therefore suggest that cloud algorithms implicitly different altitudes are included in this study (Fig. 1). In order

correct for aerosol through their modified cloud fraction and 1© 9et more mform_atlon a.bOUt higher levels in the lower tro-
height. posphere, two Alpine stations operated by the Umweltbunde-

samt (Germany) are further taken into account (Fig. 1). De-
Due to the cloud parameters that can be affected by untails about measurement devices and locations can be found
certainties and the simplifying assumption that the cloud canin Umweltbundesamt (2003), BUWAL (2004) and Empa
be approximated as a Lambertian reflector with an effective(2005).

Atmos. Chem. Phys., 6, 3213229 2006 www.atmos-chem-phys.net/6/3211/2006/
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NO; is measure(.:l with -the chemiluminespence techniqueTable 2. NO» pollution classes represented by population density
(Nav_as etal., 1997; Clem'.tShaW' 2004) th"?‘t includes the CONtanges and associated representative Swiss Plateau (boundary layer)
version of NQ to NO. While the JungfraUJOCh and the Ho- ground measurement stations.

henpeissenberg stations are equipped with photolysis con-
verters that allow a selective measurement obNBe other

Pollution class Population density  Representative

stations are measuring with the molybdenum conversion ., [km~2] measurement station

technique. It is known that these catalytic surface convert-

ers are sensitive not only to NObut also to other nitrogen ~ Very remote <30 None (0. remote)
Remote 30-499 Taenikon, Payerne

species such as PAN, HNOHNO3 and particulate nitrate
(Zellweger et al., 2003; Clemitshaw, 2004). In order to ac-
count for this non-selective NOneasurements at most of the
stations used in this study, campaign results of simultaneous

measurements based on both the photolysis and the molyb-

denum conversion technique at a PBL station (Taenikon) and

an elevated station (Rigi) are used to determine correctiorffoncentration at these levels is small compared to the NO

factors (Sect. 3.1.3). A similar approach has been used i the lower troposphere (Sect. 3.1.2). The elevated stations
Ordoriez et al. (2006). (above 900 m a.s.l.) together with a near-zero,Nxing

ratio of 0.02 ppb at 8 km are first used for a curve fit, which
can be regarded as an average profile given by the elevated
3 Methods stations. The curve fit is based on a power law equation re-
) o sulting in a hyperbolic profile shape. Subsequently, the in
3.1 Column calculation from ground-based in situ mea-gjy; measurements are assigned to the appropriate height in-
surements tervals in the following way:

Above 900m a.s.l. (i.e. for the elevated part of the pro-
file), the partial subcolumns are given as either the mean

Polluted 500-999 Duebendorf, Basel
Highly polluted >1000 Berne, Zurich

The mountainous terrain in the Alpine region allows oper-
ating ground-based in situ measurement sites at different a ) ) S e
titudes. These stations are assumed to detect dt@cen- NO_ concentration from t_he stations within t_hg height inter-
trations that are approximately representative for the appro¥ah Or the NG concentration from the curve fitif no elevated
priate height in the (free) troposphere over flat terrain. Thesetation is available. Subcolumns for height intervals below
measurements, together with boundary layer in situ measure200 M @.s.1. are obtained from linear interpolation between
ments and an assumed mixing ratio at 8 km, are used to corfhe 900m NQ concentration (resultmg_from the curve fit)
struct NG profiles. The latter can subsequently be integrateg®nd the remote and elevated PBL station Laegeren, as well
to tropospheric N@columns. Deducing tropospheric profile 25 between the latter and the average PBL;NGncentra-
and column information from ground-based in situ measure-ion at the mean Swiss Plateau ground height of 400m a.s.I.
ments is not straightforward because the issue of representa- To determine the average PBL N©oncentration within
tiveness has to be taken into account carefully. The following@n individual GOME pixel, spatial inhomogeneities of the
subsection alludes to the principle method of constructing théNOx emissions must be taken into account. To do this, we
NO, profile from the in situ measurements. Afterwards, is- assume that the NGemissions are proportional to the popu-

sues of representativeness and errors are discussed. lation density distribution. This assumption has previously
been proven to be useful (Schaub et al., 2005). For the
3.1.1 Deducing the N@profile/column GOME pixel under consideration, the 0928).25 popula-

tion density grid elements enclosed in the pixel are sorted
The stations shown in Fig. 1 are used to deduce the trointo four different (arbitrarily chosen) pollution classe@a-
pospheric NQ profile. Every station provides a 3-h NO  ple 2). Each class is described by a population density range
average concentration calculated from 09:00 to 12:00 UTCand appropriate measurement stations representative for the
(i.e. around the GOME overpass at 10:30 h local time). Conpollution level (Empa, 2005). From the numbersof pop-
centrations not measured with a photolysis converter are corglation density grid elements in each class, the average PBL
rected with correction factors accounting for the interferenceNO, concentration within the GOME pixel is calculated as a

in the NG measurement (Sect. 3.1.3). Because we are goweighted mean concentration using the appropriate stations
ing to use averaging kernel (AK) information with a higher representative for the pollution class:

vertical resolution than covered by the various stations, the

ground-based profile is divided into partial subcolumns to 4

match the vertical resolution of the AK. > [NO2]. - pe
The NQ in the upper troposphere is neglected because[Noz]pbl _c=1

due to the generally smaller mixing ratios and decreasing

pressure with height, the effective NO@nolecule number

4

c=1

www.atmos-chem-phys.net/6/3211/2006/ Atmos. Chem. Phys., 6, 3229-2006
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Measurement gaps at the ground measurement sites occaffected by lightning or deep convection where Nédlumn
sionally prevent the use of all 15 stations from Fig. 1 for the enhancements of up to Q0" molec cnT? were reported
NO; profile construction. On average, 13 stations are avail{Boersma et al., 2005; Choi et al., 2005). However, such
able for deducing a profile. events occur only occasionally and are not expected during

The ground-based columns described so far are derivednticyclonic clear sky days. During such conditions, Rid-
for an NG, profile starting at ground-height (Swiss Plateau). ley et al. (1998) conducted simultaneous flights measuring
The Alpine terrain is excluded as far as possible (Fig. 1).NOx profiles up to 5000 metres asl representative locally
Nevertheless, the GOME pixels always cover a non-flat ter{flight patterns with sides of 15-20 km) and regionally (hor-
rain in the present study area and the signal can be seen @&pontal flight distances of around 200 km) and qualitatively
a superposition of signals associated with columns of dif-described a good agreement between the two profiles. Al-
ferent vertical extension. To reproduce this in the ground-though these measurements were carried out at lower lati-
based columns, the topography of the Alpine Local Modeltudes (30 to 34 N), we suggest that the focus on anticy-
(aLMo, operational numerical weather forecast model ofclonic conditions supports our assumption of theJ\¥@ing
MeteoSwiss) with a resolution of 7 k¥ km is used to cal- homogeneously distributed on clear sky high pressure days
culate a mean (or effective) surface height within the GOMEalso in mid latitudes.

pixel. The part of the ground-based N®TC located above It can be expected that larger inhomogeneities occur un-
this height is finally used as the representative ground-baseder cloudy conditions when frontal transport takes place.
column for the further comparison. However, such conditions can also lead to spatially extended
air masses, which are relatively well-mixed (Schaub et al.,
3.1.2 Representativity of the constructed profiles 2005). We furthermore note the large GOME footprint,

which averages over a large area. Finally, the averaging time
The representativity of the profiles constructed by the methodiqow for the ground-based measurements from 09:00—
described in Sect. 3.1.1 for the true atmospherig@file 1200 UTC to a certain extent averages out horizontal inho-
over Northern Switzerland may be limited as a consequencenogeneities.
of the following: C) Measurements from elevated stations may not be rep-
resentative for the N@at corresponding heights over flat
terrain. It is known that, mainly during summertime con-
vective conditions in the Alpine region, even high-alpine sta-
tions often detect pollution that reaches the site due to ther-
mally induced upslope transport in the afternoon (Forrer et
al., 2000; Lugauer et al., 2000; Nyeki et al., 2000; Zell-
C) Elevated stations may not be representative for the NO weger et al., 2003). However, because of the GOME over-
at corresponding heights. pass around 10:30 h local time in the morning with an aver-
aging time window for the ground-based in situ N@ea-
Here we shortly discuss each of these issues and their posssurements from 09:00-12:00 UTC, this is not expected to be
ble impact on the representativity of our constructed profile. a major issue for the present comparison. During the winter
A) Vertical NO; distributions within the PBL are variable. season, high-alpine sites have shown to be decoupled from
For instance, Pisano et al. (1997) have showrnpbe ho-  the boundary layer during anticyclonic conditions, and thus
mogeneously distributed within the well-mixed convective representing the undisturbed free troposphere (Lugauer et
boundary layer (CBL) in summer. On the other hand, Her-al., 2000). Hence, we expect the high-alpine measurements
wehe et al. (2000) modelled the boundary layer,N@r- taken during the GOME overpass time to be representative
tical distribution and found that also within a summertime for free tropospheric N@levels.
well-mixed boundary layer, the Nzan exhibit a strong de- Stations located around 1000 m a.s.l., on the other hand,
crease with height because the Nldetime can be shorter are affected by polluted air masses already before noon.
than the typical mixing time scale in the CBL (Spicer, 1982; Nevertheless, we suggest these stations to be representative.
Herwehe et al., 2000). Therefore, in situ measurements fronThree cases can be distinguished:
an additional PBL station that is located on a mountain ridge 1) On clear sky summer days, the boundary layer height
about 250 m above the ground height of the Swiss Plateagrows very fast and can reach heights of 1000 m above
(Laegeren, Fig. 1) are used (Sect. 3.1.1). ground already before noon (Nyeki et al., 2000; Seibert
B) Due to the distances between the elevated stationst al., 2000). Because in Switzerland a station located at
(Fig. 1) and the relatively short chemical lifetime of W®is 1000m a.s.l. lies around 500 m above the ground (Swiss
obvious that small-scale structures of the 3-dimensional NO Plateau) effectively, the site can be thought to represent the
distribution in the free troposphere are difficult to catch by PBL NO, levels.
our comparison approach. Furthermore, neglecting the upper 2) During wintertime, the PBL often does not reach a
troposphere N@ above 8 km might not apply for columns height of 500 m above ground (e.g. Seibert et al., 2000).

A) The vertical distribution of N@ within the PBL may
not be well captured.

B) Inhomogeneities of N@over the size of a GOME pixel
may not be well captured.
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In fact, the stations around 1000 m a.s.l. used in this study
often measure low concentrations during clear sky winter
days. Therefore, in winter, measurements at 1000 m a.s.l. are

)
©

l 4

enum

thought to be representative for free tropospherig N®els. § 08|
3) In spring, the upslope pollution transport could lead g
to pollution located above the PBL height over flat terrain, <
. I O 06]
and one might argue that a station is no longer representa-z
tive for the corresponding height level over the flat terrain. Tg
On the other hand, GOME measurements over the northern= 0.4
part of Switzerland should detect such events to a certain ex-2

tent. The region is surrounded by mountainous areas with < 2|
the Alps and the foothills of the Alps in the south/east and %
the Jura/Black Forest mountains in the north. Lugauer et
al. (1998) argued that pollution once lifted can reside in the
free troposphere. A measurement site affected by thermal
upslope pollution transport can therefore be regarded to be

Rigi, 1030 m asl

Feb Apr Jun Aug Oct Dez
Month

representative for the “disturbed” free troposphere on a re- b
gional scale at least. Thus, with the five measurement sites’g 11
around 1000 m a.s.l. and situated at five different locations §
within the region of interest and with different slope expo- § 08
sitions and surroundings included in this study, the overall E
pollution situation should — on average — be captured. Nev- %
ertheless, N@ concentration differences between these five g 061
measurements are taken as a measure for inhomogeneitie%?
and thermally induced upslope transport (Sect. 3.1.4). = 0.4

2
3.1.3 Interference in ground-based in situ N@easure- § 0.2

ments z .
Taenikon, 540 m asl
0 ‘ ; ‘ ‘ ‘ ;

Ground measurement stations equipped with molybdenum Feb  Apr Jun Aug Oct Dez
converters overestimate the M@oncentration due to non- Month

selective conversion of nitrogen species (Clemitshaw, 2004).

Due to the complex chemistry of nitrogen species, the dif-Fig. 2. Monthly mean ratios (and standard deviations) between NO
ference between the selective and the non-selective NOconcentrations measured from 09:00 to 12:00 UTC on clear sky
measurement strongly depends on meteorological conditiongays with photolysis and with molybdenum conversion technique
and the distance of the station from major emission sourcedor the elevated station Riga) and the PBL station Taenikdh).
Campaign results of two stations that simultaneously mea- N
sureg wig']th both the photolysis (selective blﬁ)easuremgnt) 3.1.4 Error estimation for ground-based N®@TCs

ilrgj the molybdentum conve(;stlon techn;que (non-st_elecftlvel.his section discusses the main error sources in the ground-
2 measurement) are used 1o compule a correction 1acy .50 cojumns and suggests a simple “worst case” error es-
tor: a boundary layer station (Taenikon, 540 m a.s.l.) andtimate

an elevated site (Rigi, 1030m a.s.l.) for the correction of ,

measurements from boundarv laver and elevated stations. re- 1) The error due to the selected pollution classes for deter-
. . ylay ’ mining the average PBL Nfconcentration (Sect. 3.1.1) is

spectively. The correction factor is calculated as

very small. This is because the weak impact due to chang-
ing pollution classes is further decreased by the use of an
= [NOz]photolysis . effective surface height at the GOME pixel location. The
[NO2] molybdenum effective surface height does not reach down to the Swiss
Plateau height. Based on different choices for the pollution
The elevated stations at Jungfraujoch and Hohenpeissenbemjgsses, relative uncertainties in the resulting ground-based
are equipped with selective (photolysis) converters and areNO, VTCs of only a few percent are found. This error is
therefore, not corrected. Due to the seasonal variation irvery small compared to the other errors and is therefore ne-
the photochemical activity monthly averaged correction fac-glected.
tors are calculated for NOmeasurements from 09:00 to 2) Errors in the vertical N@distribution in the PBL, the
12:00 UTC (Fig. 2). representativity of elevated stations for the free troposphere,
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and the assumption of horizontal homogeneity of-NiOthe transfer model and best estimates for forward model parame-
free troposphere as discussed in Sect. 3.1.2 can be thougtdrsb, describing surface albedo, cloud parameters (fraction,
to be a major error source for the estimated ground-basedloud top pressure) and GOME pixel surface pressure.
columns. A crude overall estimation of this error is based If independently measured tropospheric Nofile infor-

on the five measurement sites located at altitudes of betweemation xj,q is available, there are different possibilities for
920 m a.s.l. and 1205 m a.s.l. (Fig. 1). On the one hand, theseomparison, each having its own meaning.

sites strongly affect the Nf&profile deduced from the ground

stations. On the other hand, the stations are located in an aB.2.1 First comparison approach

titude range of only 285 m. Therefore, the standard deviation . i .
of their NO, concentrations is taken as an indicator for hor- | "€ Straightforward first comparison approach (hereafter

izontal inhomogeneities and the non-representativeness dialled first comparison) uses the independently measured
certain stations due to, e.g., thermal upslope transport of polNO2 profiles that are directly integrated to tropospheric
lution. The resulting uncertainty of the ground-based columnC0UMNS ¥ 7 Cina):

is determined with a sensitivity test, where the five concentra-y, ¢, — Zz Xind.ls @)

tions are enhanced simultaneously by the calculated standard

deviation. This can be seen as a “worst case” scenario. Thwith xj,g the ground-based NOprofile and!/ the tropo-
average resulting uncertainty is in the order of 20%, with anspheric layers. The relative difference between the two

upper limit of approximately 50%. columns with respect to the ground-based column is calcu-
3) Another significant error arises from the non-selectivelated as

NO, measurement techniques used at most of the ground, _ v7cgome—VTCing

stations. Correction factors calculated for a selected station -~ VT Cind 3)

might not be representative for another station. Furthermore, — (SCDyop. mi(b). Xa: Xina)-

meteorological conditions affect the correction factor, as in- A is a measure that will be comparable to other validation

dicated by the large standard deviations in the monthly corstudies where, typically, relative differences are calculated

rection factors (Fig. 2). For the error estimation, the changewith respect to the “true” columnsAg depends on all pa-

in the ground-based columns is calculated with monthly cor-rameters affecting the retrieval and the ground-based column
rection factors that are simultaneously changed by their stancalculation, including differences in the shapes of the a priori

dard deviations (“worst case” scenario). The average resultprofile x, and the ground-based profitgg.

ing error is in the order of 30%, with an upper limit of ap- A second relative difference is calculated with respect to

proximately 35%. the GOME column (and the latter therefore being the denom-
Finally, because dependence between these errors cannigfator in Eq. 4):

be excluded, the error is assumed to be additive and is calcu-

lated as the sum of the two main error contributions, amount-A1 = m%w (4)
ing to a conservative estimate of the average error of around = f(SC Dyrop, mi(b), X4, Xind)-

50%. This error will consist of both systematic error contri-
butions — which will amount to a bias — and random contri-
butions. The same holds for the GOME retrievals.

The reason for defining\1 will become obvious in the next
section (whereA1 is further divided into two contributions).

3.2 Space-borne to ground-based comparison methods 3.2.2 Second comparison approach

Following Palmer et al. (2001) and Boersma et al. (2004), theESkeS and Boersma (2003) applied the general formalism de-

. . veloped by Rodgers (2000) for the case of DOAS retrievals
retrieved GOME NQ@ VTC (VT Ceowme) is calculated as that are typically done for weak absorbets<(l) and gener-

SC Dyrop _ SCDyop- > 1 Xa 1 ally give column integrals of the concentration species only.
AM Fyop(xa, b)Y my(b) - xay 1 The averaging kernel (AK) vector describes the relation be-
’ tween the true vertical distribution of a species and the re-

SCDyop denotes the tropospheric slant column density,trieved vertical column. Multiplying the ground-based NO
which is the difference between the total SCD resulting fromprofile with the AK yieldsV 7 Cind_ax :

fitting the reflectance spectrum measured from the satellite

and a stratospheric SCD. For KNMI retrievals, the latter VT Cind_ax = Zl a/(Xa, b) - Xind1, (5)
IS det_ermlned by data assimilation of observed S.CDS N yith a; the AK element for layef. Following Boersma et
chemistry-transport model (Eskes, 20030.M Firop is the . .

L T : : al. (2004) the relative difference betwe&¥ Cing_ax and
tropospheric air mass factor, which is defined as the ratio befhe GOME column is
tween SCD and VTCx, ; are the layer specific subcolumns
from the a priori profilex,, andm; are the altitude-dependent A, = YCeoMe ¥ Ithaak ®)
scattering weights. The latter are calculated with a radiative = £(SC Dyop, m;(b), Xing)-

VT CcoME =
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Unlike A1, A2 is no longer influenced by the a priori NO 8.0
profile x, (Eskes and Boersma, 2003). For the interpretation -
of the second comparison approach (hereafter called second | 3 December 1999
comparison), it is helpful to reformulate Eq. (6). Following I

Eskes and Boersma (2003), the expressiomfean be writ- —_ 6.0 i
ten as ®
®) =
m =3
a=———""". 7 Z 40}
AM Fuop(xa. b) U Rt
Ny

Including Egs. (1), (5) and (7) in Eqg. (6) and reformulating

yields

__ SCDrrop—)_; mi(b)-xind,1

Ap = Pscétmp 8) ‘ o
= f(SCDtrop, mi(b), Xind)- =Y

Equation (8) demonstrates that the second comparison 0 1.0 2.0 3.0 4.0
amounts to a comparison of slant column densities. Be- NO, [x 1011 molecules cm-3]
cause theA M Fyrop divides out, the a priori N@profile x, 8.0
no longer contributes ta\,. Further, the second term of ’ Ib
the numerator in Eq. (8) indicates the slant column to be a 22 July 2002
linear sum of signal contributions from all individual layers,
which is a valid approximation for weak absorbers (Eskes 6.0
and Boersma, 2003; Boersma et al., 2004). Therefore, the§ i
above equation can be interpreted as how well the ground-g
based NQ@ profile together with the scattering weighits
can describeSC Dyop.

In the previous section, we introduced , which depends
on all parameters affecting the comparison. Because the

400

height [ki

same denominator appears in bathand A,, we can write 20 _

A1 = Az + Asz. 9) E = =

Therefore,A1 can be split into two contributionsAz that o S T I —— ISETET
depends on differences between the shapes of the a priori 1.0 20 3.0 4.0
and the ground-based N@rofile, andA, that is due to un- NO [x 1070 molecules cm3]

certainties in both the remaining retrieval parameters and the _
ground-based N@profile. In the following,A; and A are Fig. 3. Example NQ profiles for 3 December 199&) and for

. : 22 July 2002(b). Note the different x-axis. The two PBL values
EslﬁUIatAed ifrom Ithel TS; andt;lheds"?rc?nr(]d Coggirelzon, ;zSpe%‘illed and open black circles) are derived from the PBL ground and
Aey' 3 IS calculated as the erence be fa elevated stations in Fig. 1. The red data points are derived from
2.

the elevated stations located in Southern Germany and Switzerland
(Fig. 1). Occasionally, measurement gaps prevent the use of all

. . -, available measurement sites for the profile determination.
4 Results for clear sky (anticyclonic) conditions P

4.1 NGO VTCs from ground-based in situ measurements i i i
concentration being a factor of 10 lower than for the winter

From 1997 to June 2003, ground-based-,NOCs are cal- case.

culated for 335 days with both clear sky conditions (Me- Employing 12:00 UTC radio soundings from Payerne
teoSwiss, 1985) and GOME NO/TC data above northern (Switzerland; e.g. Beyrich et al., 1998), PBL heights are
Switzerland (Fig. 1) available. Figure 3 shows two exam- calculated with the parcel method (Troen and Mahrt, 1986;
ple NGO, profiles deduced from ground-based in situ mea-Holtslag et al., 1990) and the Richardson number method
surements for 3 December 1999 and for 22 July 2002. Th€Vogelezang and Holtslag, 1996). With these PBL heights,
December example shows a typical anticyclonic winter casghe annual mean fractions of Ndocated within and above
where an inversion prevents vertical mixing and the,N®  the PBL are calculated to be 69% and 31%, respectively, for
concentrated in the narrow PBL. The more effective mix-the ground-based NOprofiles reaching down to the Swiss
ing in the July example and the reduced chemical lifetimePlateau height. For comparison, Martin et al. (2004) reported
of NO2 during the warm season leads to a boundary layera summertime fraction of nearly 75% of the tropospheric
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— GOME pixel cloud fraction from FRESCO algorithm

Table 3. Fraction of NGQ vertical column density (VTC) above h
(Koelemeijer et al., 2001x0.1,

and within the planetary boundary layer (PBL) calculated from the
ground-based N®VTC alone and multiplied with averaging ker-
nel (AK) information. The whole ground-based N©@olumns are

considered (i.e. reaching down to the height of the Swiss Plateau). The |ast condition is enforced because for some cases un-
realistically small GOME NQ@ VTCs are retrieved when the
Ground-based  Ground-based  tota| SCD and the (assimilated) stratospheric SCD are very

— SC Dyyop/SCD>10%.

NOp VTC NO; VTCxAK similar. For such cases, uncertainties in the stratospheric
Fraction of NQ above PBL  3%:14% 55£16% SCD generate a strong change in the tropospheric VTC, al-
Fraction of PBL NQ 69+14% 45:16% though the error of the stratospheric SCD is small and esti-
mated to not exceed 0x2.0*® molec cnt? (Boersma et al.,
2004). This criterion rejects 20 GOME pixels from the com-
parison.
NO; below 1500 m in Houston and Nashville, USA. Oidz Based on GOME N@VTCs from 1997 to June 2003 and

et al. (2006) found an average M@action below 1000m  following the above conditions a data set of 157 clear sky
in the northern ltaly region of more than 80%. The rea- columns is extracted for the subsequent comparison.

son for the lower PBL column fraction in the area of north-

ern Switzerland and surroundings is the lowerNN®@Illution ~ 4.2.1 First comparison

compared to northern ltaly. ) ] .

The GOME nadir UV-VIS sensor exhibits a higher sensi- Figure 4a shows the scatter plot for the first comparison be-
tivity towards NG located in higher atmospheric layers. To tweenV7 Ccome and VT Cing. A weighted orthogonal re-
check the “satellite’s view”, the layer-specific NQxing;) gression is used instead of a simple linear regression, because
is multiplied with the altitude-dependent scattering weight both data sets are affected by errors (York, 1966). GOME
m; to get the within/above PBL NOSCDs as seen from NO2 VTCs 1-sigma errors are taken from the TEMIS data
AM Fyop and following Eg. (7) in Sect. 3.2.2 the NGSCD given (Boersma et al., 2004). The error assessment for each

above the PBL is of the ground-based VTCs follows Sect. 3.1.4. Interestingly,
SCD _ _ b the independently calculated error estimates for the two data
NOzabove PBL = abo%PBLx'”dJ ~mi(b) sets are very similar: the mean GOME 1-sigma error and
= AMFyop- Y. Xind - a. (10) the mean ground—pased VTC error are determined to be 5_6%
above PBL and 49%, respectively. The slope and the intercept (with

Similarly the total tropospheric NOSCD, the PBL NQ their standard deviations) are calculated to be 1148.22)

SCD and, subsequently, the fractions within and above théind —1.23 (0.90), respectively, with a correlation coeffi-
PBL are calculated. Table 3 indicates that, on average, 55961€nt R=0.70. Although there is a good general agreement
of the signal measured by the space-borne instrument in thBetween the two column data sets, the regression indicates
present study area originates from above the PBL, althougi@ tendency of small GOME columns slightly underestimat-
only 31% of the NQ resides there in reality. The PBL con- ing the corresponding ground-based columns. This is further
tribution is 45%. Because the following comparison employsdiscussed in Sect. 4.3.2.

the part of the ground-based profile located above the mean The seasonal behaviour is very similar (Fig. 4b). The
topography height within a GOME pixel, the importance of small summertime N@VTCs mirror the shorter chemical
the PBL contribution is further reduced. This emphasises thdifetime of NO, during photochemically active summer days

importance of the elevated stations for the present compari(Spicer, 1982; Warneck, 2000). Furthermore, both column
son. data sets independently detect the largesp NDCs dur-

ing the spring season. Moxim et al. (1996) simulated the
4.2 Comparison for clear sky conditions global tropospheric chemistry of peroxyacetyl nitrate (PAN)
and NQ, and found regional N@spring maxima in the lower
For the clear sky comparison between the GOME and tharoposphere of the northern hemisphere. This is consistent
ground-based N®VTCs, we have used the following crite- with Penkett and Brice (1986) who suggested the measured
ria: PAN maximum in spring to be due to the accumulation of
— GOME pixel location above northern Switzerland precursor substances (such as W@ering Fhe COId. sea-
(Fig. 1), son and subseqyent photochemistry in spring leading to en-
hanced photooxidants such as PAN and ozone. Note, how-
— Alpine weather statistics parameters (MeteoSwiss,ever, that the latter studies focused on a larger region than
1985) indicate anticyclonic conditions and the absencemiddle Europe. Nevertheless, due to their vertical extension,
of clouds, the GOME columns investigated here could be affected by
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air masses representative for a larger spatial scale similarly
to elevated measurement sites in the Alpine region. At such
sites, the N@ concentration also shows a spring maximum g
(Staehelin et al., 2000; BUWAL, 2004). The good agreement 5
for the spring NQ VTCs can be seen as a crude validation
of both NO column data sets.

The qualitative comparison between the GOME NO
VTCs and the PBL N@ concentrations (derived following
Sect. 3.1.1, Fig. 4c) shows that a proper comparison require
information on the vertical N@distribution. As expected,
the near-ground N®concentrations are highest in winter,
mainly due to near-ground inversions that often occur during
this season. In summer, the near-grounc@ncentrations
are lowest because of stronger photochemical activity and
vertical mixing leading to dilution. The NOVTC spring
maximum is not mirrored in the average PBL pl€oncen-
tration.

GOME NOSV/TC [10° molec ¢

4.2.2 Second comparison

_2]

ccm

The second comparison is shown in Fig. 5. Again, a weighted £
orthogonal regression is calculated based on both the GOMEE
NO, VTC 1-sigma errors and the ground-based NI C E
errors estimated following Sect. 3.1.4. The mean errors for©
both data sets are again similar, with a mean GOME 1-sigma,
error of 48% and a mean error for the ground-based VTCs2
of 45%. The resulting slope and intercept (with their stan- £
dard deviations) are calculated to be 1.8D(16) and—0.83 3
(£0.70), respectively, with a correlation coefficient R=0.74.
The inclusion of AK information tends to improve the com-
parison. Nevertheless, the offset still gives evidence for small
GOME columns slightly underestimating the corresponding
ground-based columns.

It should, however, be noted that the orthogonal regres-
sion depends on the errors attributed to the data sets. ThesEE“
errors are estimates that also have their uncertainties. Test$
performed with varying errors indicated somewhat changing 2
results for slopes and offsets. However, independent fromgE
changes in the errors, the slopes of the orthogonal regressio,
together with their standard deviations indicate, that the mul-©
tiplication with the AK has a relatively weak impact. This is
due to — on average — similar shapes of the a priori and thez
ground-based N@profiles. Thus, the a priori profile shapes =
calculated with the CTM reproduce the troposphericoNO 3
distribution seen from the ground-based measurements well
for clear sky cases. This can also be seen in the scatter plot
betweenV T Cing andV T Cing_ax (Fig. 6). Although the lat-
ter is slightly higher, the relatively small difference between

O, VT
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the two columns can be attributed to the small difference infig. 4. Clear sky first comparison between GOME p@nd the
the two NG profile shapes (it will be shown that this differ- (directly integrated) ground-based NQ&TCs including orthogo-
ence is much larger for cloudy cases). Martin et al. (2004)nal regression outpyg). The same comparison showing the four

similarly found a good agreement between CTM N@o-

though a different model was used to generate a priori profile
shapes for the retrieval.

www.atmos-chem-phys.net/6/3211/2006/

seasons MAM, JJA, SON and DJB). Qualitative comparison be-
files and profile information from aircraft campaigns, al- tween GOME NQ VTCs and PBL NQ concentrationgc).
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Fig. 6. Clear sky comparison between the directly integrated
Fig. 5. Clear sky comparisons between GOME N®TCs and ground-based N®column (VT Cing) and the corresponding col-
ground-based N®columns with orthogonal regression output for umn after multiplication with the AKY 7 Cing_a k). Additionally,
the second comparison (ground-based profiles multiplied with thethe resulting orthogonal regression calculation is shown.
AK).

which is comparable to the mean absolute difference of
4.3 Quantifying differences between the N@TCs 0.49x10® molec cnt? reported by Martin et al. (2004).
Note, however, that there are also considerable differences
In this section, relative differences between the two columnpetween the Bremen, Harvard and KNMI/BIRA retrievals
data sets are analysed in more detail. The errors in both thgsan Noije et al., 2006).
GOME and the ground-based NM@olumns are not taken
into account. First, for the whole data set, the mean an#4.3.2 VTC differences relative to GOME NQ/TCs: de-
median relative difference with respect to the ground-based tailed analysis
columns Ap), as well as the mean absolute difference be-
tween the columns is compared to results from other studiesJnlike Ao, A1_3 are relative differences calculated with re-
This is followed by a detailed analysis of relative differences SPect to the GOME columns. These differences allow split-
with respect to the GOME columna{_3, Sect. 3.2.2). ting the total relative differenceX3) into two contributions,

— A2, whichis due to errors in the ground-basedNso-
file, retrieval errors such as the estimate of the strato-

For the whole clear sky column data set, the mean, stan-  SPheric background and/or the scattering weights
dard deviation and median af, are calculated to be-7%, (including estimated forward model parameters such as,

40% and—13% (Table 4). The standard deviation sug- e.g., surface albedo),

gests that the a priori estimates of 50% errors on clear _ As, which depends on differences between the shapes
s_ky GOME and ground-based columns are too conserva- ¢ ihe a priori and the ground-based plfrofiles.

tive, and errors of the order of 30% would be more con-

sistent with the intercomparison results. The megnin- The mean, standard deviation and median @f 3 are calcu-
dicates that on average, the GOME N@TCs are slightly  lated for the whole clear sky data set (157 cases) as well as for
smaller than the corresponding ground-based columns. Thi8 subclasses equally proportioned: GOME N@OTC<3.5,
result is consistent with findings from other authors (Ta- 3.5-5.0 and>5.0x 10'° molec cnt? (Table 4). In the fol-

ble 1) that found GOME columns being smaller than in- lowing, we allude to the means, because this allows to write
dependently measured columns by 14% (Petritoli et al.,A; as the sum oA, andAs.

2004), 8% (Martin et al., 2004) and 3% (Heland et al., For the whole clear sky data set, the me®n 3 are cal-
2001). The mean and median absolute difference betweenulated to be—26%, —34% and 8%, respectively. A&
GOME and the directly integrated ground-based columnsbhefore,A; indicates an underestimation of GOME with re-
(VT Cing) are 0.5k 10 molec cnt? (with a standard devi-  spect to the ground-based columns. The m&andominates
ation of 1.9« 10 molec cnm?) and 0.66<10*°molec cnt2,  over Az with the two contributions compensating each other

4.3.1 VTC differences relative to ground-basedNO Cs
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Table 4. Mean, standard deviation and median of the relative differengesnd A1_3 between GOME and ground-based N@TCs. Ag

is the relative difference calculated with respect to the ground-based columns and is, therefore, comparable to the quantities given in Table 1
A1_3 are calculated with respect to the GOME columns. This allows to split the total relative diffeseprénfo two contributions: one

that is due to differences in the shapes of the a priori and the ground-basegarbfile (A 3), and another that is due to the remaining retrieval
parameters and uncertainties in the ground-based prafe (For the subclass with GOME NO/TCs<3.5x 101° molec cmr2 a second

scenario is calculated with ground-based N®@lumns deduced from ground-based in situ measurements averaged from 06:00-09:00 UTC
(instead of 09:00-12:00 UTC).

A (%) Aq (%) A2 (%) Az (%)
GOME NO, n mean std.dev. median mean std.dev. median mean std.dev. median mean std.dev. median
VTC classes
(x10% molec cnT?)
all 157 —7 40 -13 —26 49 -15 -34 48 —27 8 20 9
>5.0 52 7 31 8 -5 35 —4 12 16 13
3.5-5.0 53 —-22 44 -14 -30 41 —24 8 23 8
<35 52 —61 44 —66 —65 48 —61 4 21 5
<3.5(06:00-09:00 UTC) 52 —42 45 —38 —49 50 —-37 7 19 3
to a certain extent. A\, is independent of a priori pro- For the subclasses with GOME NO/TCs between 3.5

file errors in the retrieval, the large contribution indicates and 5.0<10"®molec cnT? and <3.5x10®molec cnt?,
that the ground-based N(profiles together with the scat- A1z are calculated to be22%,—30% and 8% and-61%,
tering weights are, on average, higher th@Dyop. The — —65% and 4%, respectively (Table 4). Thus, for lower
small contribution fromA3 on the totalA1 can be attributed GOME NGO, column values,

to similar shapes of the a priori and the ground-based NO
profiles. This is consistent with the relatively weak impact
after inclusion of AK information as discussed in the previ-

— A1 is increasing with GOME columns underestimating
the ground-based columns,

ous _se_ction. The. positive value ok indicates tha_t the TM4 — Azisincreasing as well, indicating th&C Dyrop under-
a priori NG; profile shapes are, on average, slightly biased  gstimates the slant column given by the ground-based
towards higher N@abundances at lower altitudes or smaller profile together with the scattering weights,

NO, abundances at higher altitudes. l.e., TM4 profiles tend _ o o
to peak more towards the surface than the observed profiles. — the profile shapes are more similar than for situations
. with high GOME NG column values.
For the subclass with GOME NO

VTCs>5.0x10*molec cnT?, the meanA;_3 are cal- The increasingA; towards smaller GOME columns is
culated to be 7%;-5% and 12%, respectively. Thus, for mainly explained byA,. This is the main reason for the off-
this data subset, the positive; is consistent with GOME  sets found in the orthogonal regression calculations (Figs. 4a
columns that are on average exceeding the ground-baseahd 5). ThereforeA; can no longer be explained by differ-
columns. This explains the steeper slope for the firstent NG profile shapes, but by uncertainties in the ground-
comparison (Fig. 4a). The small; of —5% indicates that based NQ profiles, retrieval errors such as the estimate of
the ground-based NQOprofiles together with the scattering the stratospheric background and/or the scattering weights.
weights reliably reproduce&C Dyop. The remainingAs Smaller NG columns in both data sets often occur in
of 12% shows that differences in the two B@rofile the summer season (Fig. 4b). Therefore, one might argue
shapes play a major role for this data subset. Thereforethat the increase im, towards smaller columns is mainly
the multiplication of the ground-based profiles with the due to thermal upslope transport of N@at leads to a sys-
AK has a larger impact in this data subset and explainsematic overestimation of the NQocated at elevated lev-

to large parts the changing slope between the first and thels in the ground-based profiles. To check this, we changed
second comparison (Figs. 4a and 5). The positive valughe averaging time window (for calculating the averagesNO
again indicates TM4 a priori NPprofile shapes that are, concentration for the ground stations; see Sect. 3.1.1) from
on average, biased towards higher Ngbundances at lower 09:00-12:00 to 06:00—09:00 UTC. For this time window,
altitudes or smaller N@abundances at higher altitudes. The the influence from thermal upslope transport at the elevated
reasons for that are manifold and could be uncertainties irstations can be expected to be small. For GOME>;NO
the NQ, emission inventories, uncertainties arising from VTCs<3.5x 10> molec cnv? the resultingA1_3 are—42%,

the CTM, uncertainties in the meteorological fields (e.g. an—49% and 7%, respectively (Table 4). Although and A
underestimation of vertical transport in the alpine region), now indicate a smaller relative difference between the col-
but also errors in the ground-based NErofile. Which of  umn data sets, thermal upslope transport of pollution only
the uncertainties is dominant is not clear. explains 1/3 (1/2 if the median is considered) of the relative
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difference. It therefore seems likely that, towards smaller Figure 7a shows the first and the second comparison be-
NO, columns, GOME retrievals over the study area indeedtween the GOME and the ground-based NI Cs for 76
underestimate the true NGcolumn. This would be con- cloudy cases. Obviously, there are a number of cases with
sistent with some unrealistically small GOME MQ®TCs a very poor agreement, with GOME columns being up to a
that have been found (and that have been excluded from thtactor of 20 higher than the ground-based columns. The rea-
comparison by the criteriofiC Dyop/SCD, as pointed out at  son for the strong disagreement for these cases is discussed
the beginning of Sect. 4.2). For instance, the smallest cleaqualitatively at the example of the most extreme case on 17
sky GOME column of 0.0% 10'° molec cnm?2 was detected ~ February 2001.

over an area covering the most polluted part of the Swiss Based on GOME N@measurements, Schaub et al. (2005)
Plateau including the largest Swiss cities Zurich and Baselhave shown that, during 16 and 17 February 2001, frontal
The total and the stratospheric SCD are very similar in thisactivity over Central Europe caused vertical transport of

case (7.7410%molec cnt? and 7.7k10®molec cnt?,  polluted near-ground air masses to up to approximately
respectively), and uncertainty in the latter can at least par4000m a.s.l. No lightning activity was detected dur-
tially explain the small GOME N@VTC value. ing that episode Hhttp://www.wetterzentrale.de/topkarten/

The investigation described above should be refined furtkbeoblar.htr), but the vertical transport led to a significant
ther in the future. Particularly for cases witky explain- amount of NQ being located within and above a dense cloud
ing the major part ofA1, independent knowledge of non- cover with a top height of approximately 700 hPa. Because
profile retrieval parameters, such as surface albedo, wouldf the high sensitivity of the space-borne instrument above
shed further light on the reason for column differences. Thereflecting clouds, this is consistent with a lat§€ Dyop Of
results presented here should be seen as tendencies, becaf3e 10'° molec cnt? (which is nearly 90% of the total SCD
averaged differences with large standard deviations are dissf 64x 10'® molec cn1?) given by the KNMI/BIRA data set.
cussed. This means that for single day-to-day cases, paranf+om this, an unrealistically high GOME NO/TC value of
eters such as the a priori N@rofile shape can have a much 489.5<10*® molec cnT? is retrieved.
larger (but also lower) impact than averaged over the whole The corresponding ground-based N®TCs are calcu-
data set. Moreover, the investigated GOME pixels exhibit alated to be 22.4 10 molec cnt? (directly integrated) and
large extension always detecting a somewhat changing mi88.3x 10'® molec cn? (AK included). The strong disagree-
of remote and polluted areas in the study area. For futuranent between the latter and the GOME column indicates that
work with smaller pixels from SCIAMACHY (6& 30 kn?) the ground-based profile together with the scattering weights
or the Ozone Monitoring Instrument (OMI, ¥24 kn?), the  is much smaller thafiC Dyop. Thus, two main reasons could
pixel-to-pixel NG, VTC differences can be expected to be explain the strong disagreement: on the one hand, the scat-
much larger with remote and polluted pixels lying close to tering weights could be wrong due to errors in the radiative
each other and probably being retrieved with similar or eventransfer modelling resulting from uncertainties in the cloud
the same a priori profile shapes (due to significant spatial unparameters. It has been mentioned in Sect. 2.1 that errors
dersampling with coarser resolved CTMs). We would there-induced by uncertainties in the cloud top height are increas-
fore expect that the tendencies found in the present study willng for situations with enhanced N@oncentrations close to
come out clearer for satellite pixels with a lower extension. the cloud top height (which is the case here). On the other

hand, the disagreement can just as well be attributed to the
ground-based profile: first, no NOneasurements from the
5 Results for cloudy conditions high-alpine site Jungfraujoch are available for this episode
. , ) (such data gaps can be neglected when calculating a clear
A detailed comparison for cloudy GOME pixels has so far sky column with typically very low N@ concentrations at

not been carried out. The potential retrieval errors underJungfraujoch' however, they become important when pol-
cloudy conditions can, however, be thought to be much largef ;e g ajr masses reach the station and the latter additionally

than for clear sky conditions. This is mainly due to inaccu- being located above a reflecting cloud cover). Second, the
rate knowledge of cloud characteristics (e.g. cloud top height ; ;

oud fract r? ik o dif(fi glti inthpr dig peak NQ concentrations measured at the ground stations
cloud fraction, optical thickness) and difficulties in the radia- .\ \rreq rather in the evening of the 17 February, and not
tive transfer modelling (multiple scattering). For the compar- during the time of the GOME overpass. This shows that the
ison under cloudy conditions the following has to be fulfilled: assumption of a homogeneous Ndistribution at elevated
levels may not be valid for this case.

— GOME pixel location above northern Switzerland Therefore, a new scenario is calculated based on the

(Fig. 1), following assumptions: a) the Jungfraujoch station mea-
— GOME pixel cloud fraction from FRESCO (Koelemei- Sures the same NOconcentration as the Zugspitze sta-
jer etal., 2001)>0.75, tion, and b) every ground station contributes to the ground-
based column with its maximum NQconcentration mea-
— SC Dyop/SCD>10%. sured during the frontal passage (i.e. during 17 and the first
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Fig. 7. First and second comparison for cloudy conditions (note the ground-based in situ NO, VTC (VTCing ax)

unrealistically high columns that can be retrieved under such con-
ditions) (a). Relative difference4 ) between GOME and ground-
based NQ VTCs (VT Cing) as a function of fraction o§C Dyrop
on the total SCOb).

[10"® molec cm?]

Fig. 8. First comparison between GOME NO/TCs and tro-
pospheric columns derived from ground-based in situ measure-
ments(a) and second comparison after multiplying the ground-
based profile with the averaging kern@) together with or-
half of 18 February). This yields ground-based columns ofthogonal regression output for cloudy conditions. Columns with
46.7x10® molec cnt? (directly integrated,V7 Cing) and  SC Dtrop/SCD>50% are rejected.

304.8<10 molec cnT? after multiplication with the AK

(VT Cind_ak)-

VT Cing still strongly underestimates the GOME NO a TM4 a priori NG profile shape that is biased towards
VTC, although the lower ground stations contributed with higher NG abundances at lower altitudes or smaller NO
high concentrations in the order of 30 ppb to the column.abundances at higher altitudes. The latter point gives evi-
Remarkably, for this new scenari¥, 7 Cing_ax results ina  dence for the following additional explanation of the large
value that is at least of the same order as the GOME col-GOME column during this episode (besides uncertain cloud
umn of 489.5¢10'° molec cnt2. The distinct change in the parameters): the frontal transport event results in complex air
ground-based columns after multiplication with the AK in- mass mixing together with horizontal and vertical movement
dicates that the shapes of the ground-based and the a privhich may not be properly reproduced by the coarsely re-
ori NO, profile are strongly differing. The increase of the solved global CTM. The CTM might therefore calculate an
column after multiplication with the AK is consistent with a priori NO, profile that underestimates the enhanced, NO
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(£0.78) and R=0.87, respectively. Thus, differences between
40- the two NQ profile shapes play a more important role under
g cloudy conditions. This is further supported by mesn 3
. that are calculated to be 10%, 3% and 7%, respectively, with
o Az explaining the major part of the total relative difference.
L Moreover, this is mirrored in a poorer agreement between
00 VT Cing and VT Cing_ax (Fig. 9) than found for the clear
sky cases (Fig. 6). This supports the conclusion that for the
average of the cloudy cases, the retrieval error due to uncer-
tainties in the a priori profile shapes becomes more impor-
tant. As pointed out in the above case example, a positive
value for A3 would be consistent with an underestimation
of upward transport of N®in the CTM. As a consequence,
the AM Firop Would be under- and the corresponding GOME
' ' ' NO; VTCs overestimated.

20 30 40

15 2 Note that the clear improvement after multiplication with
NOz VTCiq [107molec cm] the AK can also be foun% for other choices ofpthe above re-
jection criterionSC Dyrop/SCD (not shown). Only towards
low SC Dyop/SCD values, the impact of AK is decreasing
and comparable to the impact found for the clear sky cases.
This becomes obvious from Fig. 8, where the comparison
with larger GOME NG columns is stronger affected by the

o . multiplication with the AK than the comparison with smaller
amount within and above the clouds. This further leads to an b P

oo . columns. If the impact of AK information is taken as a mea-
undere_:stlmatmn of tha M Firop. The latter, togetherw!th th_e sure for the uncertainty of a priori Nprofiles (and the re-
very high SC Dyop value, results in a strong overestimation

sulting GOME NG columns) under cloudy conditions, we
of the N, VTC. The AK convaluted surface measurement, gualitatively estimate from Fig. 8, that for the study region,

however, shows a reasonable agreement with the GOME reélready GOME columns exceeding 1005 molec cnr2

tneval: T.h'S indicates the GOME measurement to be CONSISghould be handled with care before being further used for air
tent vy|th|n error bars with the ground-based column amountpoIIution monitoring or as input parameters for models. Or

for this special ca_se. _ in other words: for such cases, the proper use of averaging
It becomes obvious from Fig. 7a, that there are other casegene| information is a matter of special importance and the

with very high GOME NQ VTC values that, also after mul-  550)yte value of the retrieval should be interpreted carefully.
tiplication with the AK, do not agree with the ground-based

columns. These cases are similar to the case from 17 Febru-

ary 2001 described above. Figure 7b shows thatthde-

tween the GOME N@VTCs and the corresponding ground- 6 Summary and conclusions

based columns are increasing for increas$itgDyyop/SCD

ratios. This indicates that (frontal) transport events that leadA long-term comparison of GOME N£VTC data retrieved

to NO; pollution at elevated levels, and thus hi§li' Diop from KNMI/BIRA with independently derived N@columns

values, are difficult to handle for both the retrieval but alsowas carried out. The study compared GOME NOTCs

for the comparison with ground-based N@rofiles (due to  over Northern Switzerland with coincident ground-based tro-

representativity errors in the latter). pospheric columns for both anticyclonic clear sky (GOME
For the further investigation, the most extreme cases withPixel cloud fraction<0.1) and cloudy conditions (cloud frac-

SC Dyop/SCD>50% are rejected from the data set. This tion =0.75).

SC Dyop/SCD criterion is chosen arbitrarily. For the first ~ Ground-based in situ N&profiles/columns were deduced

comparison of the remaining 60 cases (Fig. 8a), the orthogfrom ground stations located at different altitudes in the Alps

onal regression calculates a slope of 2.29.01), an inter- and Swiss Plateau (PBL) stations representative for differ-

cept of—7.71 £4.18) and a correlation coefficient R=0.61. ent pollution levels. An error estimate for these ground-

In consistency with a meang of 60% (with a standard de- based NQ columns took into account the non-selective NO

viation of 118%) this indicates GOME columns on average measurements with molybdenum converters and inhomo-

clearly overestimating the ground-based columns. The secgeneities at stations located at around 1000m a.s.l. (e.g. due

ond comparison leads to a much better agreement for théo thermal transport). The resulting error in the ground-based

average of the cloudy cases (Fig. 8b) with slope, interceptolumns is in the order of 50%, which is comparable to the

and correlation coefficient changing to 1.10.16),—0.51 1-sigma errors estimated for the GOME N@TCs.

301

201 o 8

NO, VTCing_ax [10"° molec cm™]

Fig. 9. Directly integrated ground-based NO-column
(VT Cing) and the corresponding column multiplied with the
AK (VT Cind_ak) for cloudy conditions.
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A first comparison related the GOME columns to the The comparison for cloudy conditions generally yielded a
ground-based N@profiles that are directly integrated to tro- poorer agreement between the columns. This can be ex-
pospheric columns. For a second comparison, the groundpected due to additional error sources arising from inaccu-
based profiles are multiplied with the averaging kernel (AK). rate knowledge of cloud characteristics (e.g. cloud top height,
This makes the comparison independent from the a prioricloud fraction, optical thickness) and difficulties in the ra-
NO; profile used in the GOME retrieval. Thus, the total rela- diative transfer modelling (multiple scattering). Unrealis-
tive difference between the column data sets can be splitintaically large GOME NQ VTCs have been found, e.g. for
two contributions: one that depends on the differences bed7 February 2001, with a tropospheric GOME column of
tween the a priori and the ground-based Nofile shapes, 490x 10 molec cnT2. Evidences are discussed that such
and another which is no longer affected by the a prioribNO high column values are likely due to an underestimation of
profile, but depends on errors in both the remaining retrievathe elevated N@in the a priori profile in combination with
parameters and the ground-basedoNibfiles. retrieval errors due to inaccurate cloud parameters which lead

The clear sky comparison (157 cases) showed a goodo a strong magnification of above-cloud M@oncentra-
agreement between the two columns types. The seasonébns. Also after excluding extremely large GOME columns,
behaviour is very similar, with smallest NO/TCs dur-  the remaining GOME N@VTCs (60 cases) still overesti-
ing summertime and largest columns in the spring seasonmate the ground-based columns. The mean relative differ-
An orthogonal regression taking into account error estimategnce (with respect to the ground-based columns) is 60% with
for both column types yielded a slope and an intercept ofa standard deviation of 118%.

1.15 (std. dev. 0.22) and1.23 (std. dev. 0.90), respectively,  For the first comparison, the orthogonal regression yielded
with a correlation coefficient R=0.70. After AK inclusion, a slope and an intercept of 2.99 (std. dev. 0.91) adr1

the slope and intercept changed to 1.01 (std. dev. 0.16) an¢std. dev. 4.18), respectively, with a correlation coefficient
—0.83 (std. dev. 0.70), respectively, with R=0.74. The multi- R=0.61. For the second comparison, the slope and intercept
plication of the ground-based profile with the AK has a rela- changed to 1.17 (std. dev. 0.16) an@.51 (std. dev. 0.78),
tively weak impact. This can be attributed to similar shapesrespectively, with R=0.87. The multiplication with the AK

of the ground-based and the a priori pl@rofile for the av-  clearly improved the comparison. This is consistent with a
erage of the anticyclonic clear sky cases. larger difference between the ground-based and the a pri-

A detailed analysis of relative differences between the twoori NO, profile shapes and gives evidence for uncertainties
data sets was carried out. For the whole clear sky data seh the a priori NQ profiles playing a more important role
a mean relative difference (with respect to the ground-basedor the retrieval of cloudy scenes than for clear sky cases.
columns) of—7% with a standard deviation of 40% is found, This mainly applies for high GOME N&column values
with GOME NO, VTCs slightly underestimating the ground- (>10x10*>molec cnt? for the study area). Therefore the
based columns. The standard deviation result suggests thatclusion of averaging kernel information is crucial for use of
the a priori estimates of 50% errors on GOME and ground-such retrievals, and the absolute value of the retrieval should
based columns are too conservative, and errors of the orddye interpreted carefully in this case.
of 30% would be more consistent with the intercomparison The good agreement between GOME and ground-based
results. NO, VTCs found in the present study for clear sky condi-

The further analysis showed that the above mentioned contions encourages the use of space-borne trace gas columns
tributions to the total relative compensate each other to a cerfor air pollution modelling and monitoring also on a regional
tain extent for clear sky cases. This should be taken into acscale. The good agreement is remarkable taking into account
count in detailed validation studies of space-borne data thaboth the complex topography at the foothills of the Alps and
are affected by uncertainties in a number of parameters. Futthe uncertainties in both column data sets. The study fur-
ther, the following evidences were found (with relative dif- ther showed that comparison or validation studies of space-
ferences calculated with respect to the GOME columns):  borne trace gas columns with independently derived profiles

_ For large GOME N@VTCs (>5.0x 10% molec cnt2), ;hou!d include aver_aging kernel information in order to Qis—

the GOME product is slightly larger (7%) than the tinguish between dn‘fgrent error sources. We expect thIS.tO
L ) .~ become even more important for future comparisons with
ground-based columns. This is mainly caused by differ-

ences between the ground-based and the a prios Nohlgher res_olved pixels from S.CIAMACHY anc_j OMI (par-
profile shapes. ticularly with regard to a possible undersampling when cal-

culating a priori NQ profiles with coarsely resolved global

— For smaller GOME N@ VTCs (<3.5 and 3.5- CTMs). However, this is a first step towards a more detailed
5.0x 10 molec cnT?), the GOME product is smaller comparison. A further improvement of comparison or valida-
than the ground-based one (with a mean relative differ-tion studies can be reached by including independent knowl-
ence of up to—61%) due to other error sources than edge of retrieval parameters such as surface albedo, satellite
the a priori NQ profile assumptions (i.e., remaining re- pixel surface pressure, and, for comparisons under cloudy
trieval parameters and/or ground-based>)Nv@ofiles). conditions, cloud parameters. Moreover, the present study
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investigated absolutely cloud-free (GOME pixel cloud frac- emissions derived from 1979-1993 global CTM simulations, At-

tion <0.1) and clearly cloudy scenes (cloud fractie0.75). mos. Chem. Phys., 3, 73-88, 2003,
Hence, work remains to be done on retrievals in situations of http://www.atmos-chem-phys.net/3/73/2003/
moderate cloudiness. Empa: Technischer Bericht zum Nationalen Beobachtungsiietz f

Luftfremdstoffe (NABEL), Duebendorf, 2005.
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