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ExecutiveSummary

The objective of NORS work packages (8/®as the integration/inteirrcomparison of surface igitu
observations with NORS qulucts at the two demonstratiorsites Jungfraujoch and Izan&ince
surface insitu observationsof a number of traces gasemn bevery precise and traced back to
international standards, WB?servedas a demonstration of the quality of the NORS products in the
troposphere. However ni order to facilitate aneaningfulcomparison the representativeness of the
surface insitu andground based remote sensimipservationseeds to betaken into accountWithin
the main activity of the WP nmovel method was developed that usdackward Lagrangian Particle
Dispersion Modelling (LPDMjo characterise the representativeness of differemypes of
observations The LPDM simulations were tailored towards eaglecific sampling volumeThey
helped to 1) chracterise the historyf eachsampled air masgemotely sensed anih-situ), and in
turn their representativenessand 2 to generatehigh-resolution model profiles specific for the
remote sensing volumesThe latter vere then merged withthe surface irsitu observations and
yielded the aspired reference profilesgainst whichthe remote sensing dataere validated

The analysis was carriedit for FTIRprofile retrievalsof CO, Ci and Q from both demonstration
sites andas well for MAXDOAS Blprofile retrievals from JungfraujoctEmulationswith the LPDM
FLEXPAR®r individual partial columns in the troposphere were performed for ylears 2002011

for the FTIR and 2011 and 2012 for MAXD@A&ddition,FLEXPART simulations weosmductedfor

O; and NQ from horizontal pathretrievas (modified geometric approach, MGAJ} Izafiaand the
years 2011 and 2012. FLEXPART was drivemested configuration withhigh resolution (2 km x 2
km over the Alpine domain, 7 km x 7 km over Western Europe and 1° x 1° glabailyy wind fields
from the operational weather prediction model @S, run by MeteoSwisend ECMWF operational
analysis The model results were used to obtain model profiles of the mentioned species by
combining recent emissions picked up by the dispersion model with ghasalineconcentrations
from global scale modeldnput from global scale modelsas taken from 3 differat sources 1)
MACC reanalysis (CO,£CH, NQ), 2) TM5 (Cpland 3) FLEXCTM (CO,)CFhe model profiles were
fused with surface hsitu observations using the newly developed methas described inNORS
deliverable D5.1 (Henne, 2014 The method uses the information obtained from the backward
dispersion simulation to identifpartial columnsfor which the surfacebservation is representative
and adjuss simulated concentrations according to the surface observatidhs. resulting profiles are
referred to as irsitu profileswhile pure model profiles are referred to as modaelly profiles For a
final validation ofthe remote sensing profiles, the dgitu profiles were folded with the remote
sensing averaging kernels and averaged over the tropospheric column. Different depths for the
tropospheric column were analysed.

The cross comparison resultsan be summarisedsafollows (seeFigure 1): All remotely sensed
tropospheric columns correlated reasonably well with surfacsitm data thatwere observed at the
same time as the rente sensingobservation Correlations were generally better for CO than for any
other trace gas. For Izafia correlations were slightly improved againsttimghin-situ observations.
Nighttime observations were used because they should be less influancéatal disturbances that
only affect the surface isitu observations but not the remote sensing techniques. When comparing
against imsitu and modebnly columns the correlationsith the remote sensing columns largely
improved for all species and botites. At the same time the bias correctezbt mean square error
(BRMS)argely decreased. Improvements were largest farf@ which surface observations were
expected to have a rather limited representativeness for the vertical column. Bias correci®f
hourly data were in the order of 10 ppb for CQ,and CHand around 50 ppt for NO Regression
slopes for CO and;@etrieved by FTIR versussitu columns were not significantly different from 1,
while they were around 1.4 for Gldolumns and 1.2 for Nxolumns. In caséhe of CO and &this
presents an improvement over the pure surfacesitu comparisos for which either slopes were
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significantly different from 1 or uncertainties of the slopes were large. While the other cosopari
statistics improved when using-8itu columns instead of surface-situ data, the overall absolute
bias increased for CO and &Hinly Izafia). Biases were about 5 ppb fgr(& Jungfraujoch) and GH

(at Jungfraujoch) and 10 ppb for CO (both sitew) @ (at Izafid. For Clla bias between 40 and08

ppb was determined at Izafia depending on the baseline model used for the generation ofsihe in
profile. Virtually no bias (<20 ppt) was determined for the MAXDOAS odif3ervations at
Jungfraujochin the case of the MGA retrievals at 120 the inclusion of model data did not improve the
comparison statistics significantly. Strong local influence of emissiong @ deposition (Q) on

the surface ipsitu observations is probably the most important reador this behaviour. The LPDM
simulations were not able to reproduce these very local influences and adequately account for them
in the data integration process.

Comparisons versus modehly and insitu columns were very similar for most species and Isits.

This does not necessarily imply that the whole comparison method and surfagitl imtegration
deteriorates to a model validation exercise as is the main gahledlOR$roject The model profiles

used here differ from those used in tl@@perncus Atmospheric Monitoring Servigethe sense that

1) they are dedicated transport simulatisfor specific remote sensing volumes, 2) we used different
baseline models in the study and carefully selected those that exhibited no systematic bias compared
to the surface irsitu observations at the comparison sites. The comparison of the remote sensing
tropospheric columns with the baseline models themselves was uslesty goodthan for our
dedicated FLEXPARiImulatedprofiles. Furthermore, the influencef incorporating the surface data

was larger when tropospheric columns were calculated up to lower altitudes. In that case comparison
statistics improved from modeinly to insitu columns, but the overall agreement wgenerally
weakerdue to the limied independentinformation the remote sensingetrieval could obtain from a

less deep column. In one case, profile retrievals of a MAXDOAS were compared, which had a much
finer vertical resolution than the FTIR retrievals. Hence, the targeted lower tropdspd@umn was

not very deep and the influence of the surfacesitu data was comparatively large while also the
model performance was relatively weak. In this case a clear improvement in the comparison statistics
was visible when using the-gitu columnsas compared with the modelnly columns

Another important aspect of the cross comparison was the analysis of the resolved scales of
variability. When comparing with disitu surface data correlations for hourly tlended and de
seasonalised data were wslly small and overafjoodcorrelatiors largelyresulted fromthe seasonal

cycle which was common to both dataset$he integration of isitu and model data especially
improved the correlations on the hourly time scale. This leads to the conclusiorthbatemote
sensing techniques are well able to resolve hourly variability. The same conclusion could not have
been drawn from the comparison of surfacesitu data alone.

In summary, the cross comparison of the remotely sensed tropospheric columns aathl mssisted
in-situ columnsproves the high quality of the FTIR derived tropospheric columns of CO ;aemdO
MAXDOAS retrievals of M@t Jurgfraujoch. For FTIR gtilopospheric columns larger uncertainties
remain that may partly be related to uncertdies in the reference profilebut mostly seem to stem
from uncertainties in the CHretrievals related to the quality and consistency of the [Clihe
parameters Further improvements of the Glietrieval strategy are ongoing.
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Figurel: Comparison statistics for FTIR retrieved tropospheric columns of G@an@ CH at Jungfraujoch and
Izafia and MAXDOAS lower tropospheric columns of,ldOJungfraujoch. (top, left) correlation coefficient, r,

(top right) slope of linear regressign(bottom left) bias corrected root mean square error, (bottom right)
remote sensing bias. Error bars on correlation and slope represent 95% confidence estimates. Results for four
different reference data sets are shown: (yellow) ddiyne surface insitu observations, (blue) nightime
surface insitu observations, (red) irsitu columns, and (gray) modelnly columns. Irsitu columns were
obtained from the modelonly profiles after merging with surface ksitu observations. Both modebnly and

in-situ profiles were folded with the respective averaging kernel before the comparison. The analysis was
performed on hourly aggregates. Note that the valudésr bias and bias corrected root mean square error
were multiplied by 100 in the case of N@bservations.

1. Introduction

In-situ observations of many trace gasoffer an excellent atmospheric reference since they are
routinely calibrated at site and can be traced back to international standards. Depending on the gas
the combined uncertainty of isitu measurerentsis usuallysmall Hence, irsitu measurementsnay

offer validation data for both remote sensin(RS)and model products. Nevertheless, crucial
limitations of insitu data sets are their availability and representativeness. On the one hand, only
limited in-situ data are available in the vertical dimension since these need to be obtained from cost
intensive airborne platforms such as aircraft and balloon soundings. On the other hand, swddae in
data are available from mangurfacelocations worldwi@& but may not be representativef the
volume of airrepresented bya model grid box oof the volumesampled by a RS technique. This is
mainly due to inhomogeneous surface fluxes that strongly affect suidaceentrations Especially

the vertical represetativeness of surface igitu data is limited, with most sites located in the
planetary boundary layer, which often exhibits distinctly different trace gas concentrations than the
free troposphere above.

Within work package 5 of the NORS projettitégraion of tropospheric productsan effort was
undertaken to extend surface #itu observations in the vertical and, hence, produce a reference
tropospheric profile which can be compared with RS prefilad tropospheric column data. The
extrapolationof the surface insitu data is tailored towards individual RS data sets, since it takes the
actual sampling volume of botRS and Hsitu observationinto account.The gproach which was
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detailedin NORS eliverableD5.1(Henne, 201% uses backward simulations ad Lagrangian Particle
Dispersion Mode(LPDM}o 1) characterise the air mass histarf each samplingolume and 2) to
generate highresolution model profils. The latterwere adjusted to match the surface irsitu
observationsand yield the aspired reference profils for comparison with RS datalhe LPDM
FLEXPART was driven by wind fields with high haakoesolution(2 km x 2 km in the Alpine
domain)in order to capture the local flow in the vicinity of the comparison sites as good as possible
and in a more realistic way than in a global scale transport mod@s may not be important for
sampling valmes removed from the surface, but in order to estimate the representativeness of the
surface insitu observations these need to be simulated as precisely as passible

While NORSJeliverable reportD5.1 (Henne, 201%provides details on how reference profiles were
generated, this report serves as a cross comparison of the ground based remote sensing data that
were partly re-evaluated and gegrated within the NORS project. As such this report has two main
aims: On the one hand should demonstrate the usefulness of the surfacesiin data extension and

on the other hand it should validate the ability of the remosensing techniques to capture
tropospheric variability and quantify the overall uncertainty of the remotely sensed tropospheric
columns. The main target for the validationfothe remote sensing products wathe lower
tropospheric mean column from the suda (level of the RS instrument) up to a level where the RS
retrieval obtained one independent piece of information or, depending on the retrieved parameter,
the influence from the upper troposphere/lower stratosphere (UTLS) was not dominating the
comparisan.

The comparison was carried out for tropospheric profiles of carbon mondg&@g ozone(G;) and
methane(CH) as obtained by FTIR and profilesndfogen dioxide NG;,) as obtained by MAXDOAS. In
addition, MAXDOAS observations of Ndd Q at horizontal level, which were obtained with the
modified geometric approacfGomez et al., 20)4were compared. For MAXDOAS observations the
main source of representateness uncertaintgrises from the relatively long horizontal distance from
which the MAXDOAS obi itsinformation. Again,FLEXPART backwasichulations were used to
define howrepresentativesurface irsitu observations were for the line of sight of the MAXDOAS
sampling.

The analysis was restricted to two remote locations that describe the vatyaibilthe tropospheric
background but are also influenced by pollution eveBtsth sites are high elevation sites, but in very
different environments. Jungfraujoch is situated in the central Swiss Alps and as such relatively close
to some of the major Bopean emission sources, but vertically removed from them (3580 m asl). In
contrast,the Izanaobservatoryis locatedon the island of Tenerifeff the coast ofNorth-Africa ands
seldom influenced by directed near surface polluttcamsportfrom Europeor Africa However, local
emissions on the island may strongly influence thsiin observations when these are lifted to the
mountain top by daytime up-slope winds thatregularly form under the prevailing faiweather
conditions.Together these locatits offer the possibility to test our surface-situ extension method
under very different conditions and distinguisthere the method is more appropriate to derive
reference profilesThe method was not applied to classical boundary layer sites, becauseeke

the representativeness of surface-situ observations is mostly limited to the boundary layselt

and may therefore not be profitable for tropospheric column comparisons.

This report is divided into 2 main parts. In section 2 dedine the scpe of the intercomparison,
introduce different reference datasetand define the target statistics for the validatidn.section 3

the results are presented by observed parameter and instrument. A detailed analysis is given for each
parameter, instrumenand site. Finally, section 4 concludes the findings.
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2. Methods

2.1.Remote sensing data

Details on the remote sensing techniques intempared in this reportan be foundin the NORS
Data User GuideD4.2 (De Maziére et al., 2013 and references therein. In addition to FTIR and
MAXDOAS profile retrievals, MAXDOAS horizontal meala frections asobtained by the modified
geometric approaciMGA; Gomez et al., 201fbr NQ and Q observations at Izafia wergsed in the
inter-comparison Tablel lists the intercomparison periods and the NDACC data versions used in the
final comparison.

Tablel: Remote sensinglata usedin crosscomparison The version refers to the version on the NDACC data
centre.

Site FTIR FTIR FTIR MAXDOAS MAXDOAS
CcoO O CH NG, O,
Jungfraujoch Version 004 001 002 001 no data
Period 2009 to 2009 to 2009 to 2010 to 2011 no data
2011 2011 2011
lzafia Version 003 003 003 NA" NA”
Period 2009 to 2011 2009 to 2009 to 2010 to 2011 2010 to 2011
2011 2011

*. An updateddataversion (004) was available by the end of the NORS prdjatit contained a new vertical
sub-divisionin the retrieval which would have required new FLEXPA&RTulations.
**: Data were not delivered through thBlDAC@atacentreand did not follow the GEOMS format convention.

2.2. Remote sensingaveraging kerneland lower free tropospheric average

Remote sensing (RS) profiles that were retrieved through a profile retrieval algorithm can be
characterized by their averaging kernéodgers and Conna2003). Theaveraging kernglAVK)the

n X n matrix=where n is the number of vertical sidwlumns, relates theetrieved mole fractions..

to the true profile,.., and the goriori profile, ..., which was used in the retrieval

=.. .. fh (1)
where] represents the retrieval uncertainties.

The rows ofA can be interpreted as sensitivity of the retrieval to the presence of the target species in
each sukcolumn.The trace of the matri® gives the degree of freedofDOF)f the retrievedsignal.

The larger the DOF the more independent information could be retrieved and the more vertical
details should be reveale@imming the elements in the trace éffrom the lowest subcolumn up to

a pecific altitude gives the amount afdependentinformation that was totally retrieved in the given
column.

One can apply the AVK to a reference profile to derive a smoothed profile that can be directly
compared to the RS profiigRkodgers and Connor, 2003n our case the reference profitgis folded
with the AVKA, and the apriori profile,

% ? =g ? )
to yield the smoothed profilé.

To obtain meanmole fractions that are representative for the lower free troposphevertical
profiles were averaged up to an altitude-;; for which the cumulative DOfealculated from the
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surface to the given subolumn) exceeded a given thresholdverages were thercalculated as
weighted means ugg level pressures as weights

B..n €)
Bn

We refer to these averages as free tropospheric (FT) means, keeping in mind that the two analysed
sites are elevated sites that usually reside above the planetary boundary EyeFTIR retrievals of
CO the threshold DOF was set to 1. For FTIR retriefatzone and methane, for whicthe
tropospheric sensitivities we generally lowerthe DOF threshold was set to 2/3hese values
represent a compromise between using independent information from the RS observations and
keeping stratospheric influencem the tropospheric mean as small as possiblethermore, keeping
a relatively small value ofzssures that a large part of the information used in the reference profiles
originates from the surface igitu observations and is not a mere model prodddie c&ependencyof
the comparison on the selection of the DOF threshwiliibe discussedlongwith the main findings.

2.3.Reference datasets

In the main part of this report the time series of FTIR and MAXDOAS retrieved lower tropospheric
columns arecompared with different reference time series:

a) Daytime surface insitu: These are the surface-gitu observations, made at the same time
(window of two hours) as the RS observation.

b) Night-time surface insitu: These were derived from surfacesiiu obsevations made during
the nighttime hours bracketing the RS observations. They were usexpémieghat
exhibited strong diurnal variations (see sectid) and may be influenced by local emissions
or depositionduring daytime.

c) Foldedinsitucolumny ¢ KS (NP LJ2 & LK SN0z YINRF AZ B ¢ EK & KA OK
constructed from FLEXPART simulated profiles and the surfaie imbservationgsee D5.1,
Henne, 201%and folded with the RS averaging kernels (see setig)n

d) Folded modelonly columns The tropospheric mean of the FLEXPART simulated profile, again
folded with the RS averaging kernels.

e) In-situ columns Thell N2 LJ2 4 LIKSNA O-a¥XSilday/ LARFTAKRSéaix @ Ay OO0
the RS averaging kernel.

f) Folded GCTM columnsThe tropospheric mean of the pure model profiles as taken from
global chemistry transport models (GCTMs). These were not adjustedfazsuwbservations,
but folded with the respective RS averaging kernels.

By using different reference time series it should be tested if including model data in -#it in
comparison enhances the comparability of the RS data to the surfesituidata. Tk in-situ profiles
which rely on the irsitu data and model integration, should be the ones closest t® titue
tropospheric profile and, after folding with the AVK#il serve asour main reference(reference
dataset c))

As outlined in detail iNORSleliverable reportD5.1 (Henne, 201XFLEXPART backward simulations
were performed for individual sampling volumes df the surface irsitu observations and 2)
tropospheric partial columns of the FTIR and MAXDOAS profile retrigdveshackward simulation

was carried out in a nested configuration that used high resolution input in the Alpine domain around
JFJ (2 km x Bm horizontal resolution taken from COSMO analysis of MeteoSwiss) nested into a
coarser resolution over Western Europe (7 km x 7 km, COSMO) and finally the global domain (1° x 1°,
IFS operational analysis by ECMWH)r 1ZO FLEXPART was driven by ECMWal gloale
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meteorology onlyEach individual air mass was followed for 10 days backward in @méhe one
hand, these simulationgrovide surface (or emission) sensitivities along the backward simula@ns.
the other handwhen combininghe final positon of the model particles (in the backward simulation)
with global atmospheric composition fieldsie can obtairthe initial state of the air mass prior to the
arrival at the sampling location. The formean be combined with emission inventories to yigidle
fraction enhancements during the perioaf the backward simulation while the lattean be seen as
the baselinemole fractionfor the sampled air mas§.he resulting total mole fractions for each RS
partial column represent the FLEXPART modéireference datasefsee reference datasef)d

Baseline levels were obtained from simulated atmospheric composition fields from three different
global scale models: 1) MACGarmalysis forCO, @, CH, NQ (Inness et al., 2003 2) TM5for CH
(Bergamaschi et al., 2013and 3) FLEXCTfr CO, Ck(Henne et al., 2013 In NORS deliverable
report D5.1 (Henne, 2013 the differences between diffemt baseline (or GCTM) inputs for the
FLEXPART simulations at the surfaegtinobservation were compare@or each comparison species

and site a best suited baseline model was suggested. While focussing the analysis on the comparison
of the RS columns Wil K (KA & &06Sa&i dor disQussidBr purpidSesé also lpiede v
comparison results for FLEXPART profiles derived from the other baseline models.

The FLEXPART maodaly profiles were combined with surface-situ observations using additional
information available from the backward transport simulation. The information on when emissions
were pickedup along the backward simulation was used to identify different vertical layers in the
troposphere by applying a clustering algorithm to the resfdtsdifferent RS partial columns and the
surface imsitu simulation. Surface {situ observations were then ascribed to those partial columns
situated in the same vertical layer as the surfacsiin observation. Instead of simply transferring the
surfacein-situ value to the whole layer, baseline and above baseline contributions were adjusted
separately¢ KS NBadz GAy3 ol R2adzaiSRO C[ 9 tAlAvitdz YINRSFA { ISNE
reference dataets c) and e)).By using highesolution FLEXHRT simulations specific for the RS
sampling volumes we expect to significantly reduce the repregenessuncertainty that usually
arises in any kind of model comparison with point (line) observations.

In contrastto the FLEXPART derived profilesference data f) were obtained from a direct
interpolation of the 3dimensional output fronthe global scale chemistry transport modeinto the
location of the remote sensing sampling volume. The latter took the viewing geometry and effective
sampling volura of the RS technique into accouriiowever, a rather large representativeness
uncertainty between the point (line) observations and the GCTM simulations can be expectad due
the rather coarse model resolutioithis is especially true for a site in complex terrain like JFJ and for
the lower part of the troposphere.

All datasets were aggregated to hourly intervals for the comparison.

2.3.1. Simulationsfor MAXDOAS horizontal mean retrievadd NG, and G

The previousdeliverable reportD5.1 (Henne, 201% did not contain information on hownodel
profiles were obtained for MAXDOAS ohssions. Modifications of the method were required due

to a) different viewing geometry of the MAXDOAS instrument as compared to the FTdRjeltihga

very reactive speciefNQ,). The latter had to be described in the FLEXPART backward simulations,
which was not necessary for the othtace gaseshat were treated as passive tracecsnsidering

the relatively shortime of transport

The sampling volume of the MAXDOAS was chariged by the horizontal viewing distanad, as
derived by the modified geometrical approa¢omez et al., 2093 which is using differential
absorption in the @band. For MAXDOAS MGA estimatbs sampling volume was tek as a line
from the instrument extending in the viewing direction up to distarcceFor MAXDOAS profile
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retrievals the sampling volume was defined as the verstiaedefined by the instrumer@ viewing
azimuth angle and the horizontal viewing distaneerticallylimited by the boundaries defined by the
retrieval algorithm.

In contrast to CO, Glnd Q, NQ has a much shorter lifetime in the troposphere. Furthermore, it is
rapidly photolysed to form NO, but is also rapidiplenishedby the reactionof NOwith O,. In the
background troposphere NONO and @remain in a close relationship described as photostationary
equilibrium. As such the N@ NO ratio only depends on thes@oncentration, the reaction rate of

NO with Q and thephotolysis rate of N© Due to this close link of NO and N@ did not transport

NG, separately in the model, but transported the sum of NO ang:N@). Also emissions were given

as NQemissions in mass units of pQVe parameterised NQoss as a fitsorder loss process with a
seasondly variable lifetime reaching from 5 hours in summer to 22 hours in wii@ehaub et al.,
2007). This loss was applied to recent emission contribigidfor background contributions an
averageifetime of 14 days was assumed, which also takes into account the replenishing of the NO
pool from more stable nitrogen species (organic nitrates, nitric aiolderive N@concentrations at

the sampling volume the derived N@®nole fractions were converted to NCby assuming a
photostationary equilibrium between HNO and N© In order tocalculate the equilibrium ratios of

NG, to NO, one requires £humber concentrations, N(photolysis rates and NO+@eaction rates.

The first was obtained by interpolating the MACGamalysis @model simulations to the receptor
volume. The second was w@lined from the photolysis parameterisation given by Henne ef28i05),

which was derived for conditions above gfnaujoch. Since this parameterisation describes clear sky
conditions, we further scaled the obtained photolysis rates by the ratio of calculated (clear sky) global
radiation and that observed at Jungfraujoch. The reaction rate coefficient was calclgatperature
dependently.

2.4.Comparison statistics

For each comparison pair the following statistics were calculdtech hourly aggregatesThe
Pearson correlation coefficient r for all data in the time series was calculated and gives a measure of
how much ofthe observed temporal variability is common to the two time serfedinear regression
analysisvas applied that takes uncertainties in both regression variables into account (weighted total
least square regressiolfiXrystek and Anton, 200.7The regresion slope, b, is evaluated to estimate
systematicscaling offsets between twtime series.The mean difference betweemwo time series is
referred to as the bias

O QO i Qo a Qo 4
where X%sis the remotesensing troposphericolumnand Xis the referencecolumn

The has corrected root means square errevas calculated as the standard deviation of the
differences between reference and RS mole fractions

O6YODVYi o@ w (5)

The BRMSan serveas ameasure of tle overallrandom uncertainty (precisionf the comparison
while the bias is an indicatioior the systematic uncertaintyaccuracy. The BRMS should also give
the upper limit of the remote sensing precision. Ndheless, it may contain a significant
contribution from the uncertainty of the reference profile itself. Unfortunately, it was not possible to
determine the latter in any mathematical way in the current study.

2.5.Analysis of temporal variability

In order to analyse the temporal scales of the relationship between the RS data and the reference
datasets the time series were separated into a part describing -Bme@ual variability, a part
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describing theseasonakycle and a remaining part reflectingriability down to hourly time scales.
Note again that the data used in the comparison was aggregated into hourly bins.

We extract the different parts of variability by fitting a statistical model to each time series that
describes the inteannual varidility by a 2° order polynomial and theseasonabariability by first,
second and third order annual harmonicBhe fit residuals then give the remaining part of the
variability (hourly)

3. Results

The results are presented in the following order: In sect8.1 we motivate why for some of the
reference data sets nighime surface irsitu data were used in contrast to the déigne RS
observation. In the following sufections, comparison results are presented by speaied remote
sensing technique.

3.1.Diurnd cycle of surface isitu observations

Both sites analysed in this study are high elevation sites and as such are often situated in the free
troposphere. However, both sites may be influenced by localape flow systems that may brirady
massedo the sitesthat are not representative ofhe sites altitude buimore of the PBL below the

site. The FLEXPARfansport simulationsshouldbe able to pick up this local PBifluence for the
surface insitu and also for the RS sgblumns This shoulespecially hold for the simulations for JFJ,

for which highresolution (2 km x 2 km) wind fields were used. Neverthelgéssay still be argued

that instead of dastime in-situ observations the bracketing nigtime observationsshould be used

to avoid ary PBL influeceThis was previously done in the study ®gpulveda et ak2012 for CH

FTIR vs. situ comparisons at Izafa.

Here the typical diurnatycle ofsurfacein-situ observations at both sites asnalysedfor different
months of the yearFor JungfraujochHgure2) a pronounced diurnal cycle with afternognaximum

and morning minimum was observed for ambient temperatures in all months of the year. It was
especially pronounced for late spring and summer months. Along with temperature also CO showed a
characteristic afternoon maximum in the summer monthse Bwerage diurnal amplitude for CO was

in the order of 4 ppb. For £no pronounced diurnal cycles were observed. A slight reduction of
afternoon Q may indicate transport from the PBL in the summer months, bunh@le fractions in the

PBL may have been yesimilar to those in the free troposphere, so that the PBL transport was not
discernable in @ For CHdiurnal cycles with amplitudes up to 6 pbb were visible for April and May,
but were less pronounced in the summe@verall the diurnal cycles wereelatively small in
magnitude at JFJ. Hence, reference profiles were constructed fresiiuirdata taken at the same
time as the remote sensing observation.
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Figure2: Diurnal cycle of surface igitu observations of (topeft) temperature, (top right) carbon monoxide,
(bottom, left) ozone, and (bottom right) methane at the Jungfraujoch observatory §35m asl) for the period
2009 to 2011.

For Izafia the observed diurnal cyclesre more robust as compared to JFJ, owing to the-sapical
location of the site with yearound fairweather conditions Figure 3). Similar to JFJ, CO mole
fractions were increased at the site during the late afternoon hours indicating transport of fresh
emissions from the island environment. The amplitude of the CO diurnal cycle at IZO was comparable
to that during summetrtime at JFJ4-6 ppb). For Ckthe diurnal cy@ was actually reveed as
compared to that of CO, showing late afternoon minimand an amplitude of about-8 ppb
throughout the whole year. This afternoon decrease in Slggests that there are nar only minor

local ClHsources on the islanitiself and that CH mole fractions in the marine boundary layer, due to
photochemicaldestruction are smallerthan in the lower free troposphereSimilarly, @ showed a
pronounced afternoon minimum throughout the whole year. Again, smallem@le fractions in te
marine boundary layer as compared to the free troposphere may be the main reason for this effect.
In addition, local dry deposition of;@uring upslope transport of air masses from the boundary layer
may cause a reduction in thes@evels. The FLEXPART transport simulations should simulate the
exchange between marine boundary layer and free troposphere. At the location of 1ZO this does not
happen by explicitly resolving the gope flow (model resolution only 0.2° x 0.2°) but rather
indiredly by a mixing layer height that is increased due to-gtid orographic variabilityStohl et al.,

2005. However, the model does not describg @y deposition in any way. Therefore, thesitu
profiles for Q at I1zafia were constructed from bracketing nigimbe data.
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Figure3: Diurnal cycle of surface igitu observations of (top left) temperature, (top right) carbon monoxide,
(bottom, left) ozone, and (bottom right) methane at thézafiaobservatory 373m asl) for the period 2009 to
2011.

3.2.Carbon Monoxideobservationsfrom FTR

The typical row averaging kernels of the FTIR CO retrieval indicated strongest sensitivities close to the
surface. This was similar for both sites but much more pronounced for JFJ. On average the sum of the
diagonal elements of the AVK reached 1 (intiicpone independent piece of information from the
retrieval) when summed over the lowest 5 aidFTIR sugolumns for JFJ and 1ZO, respectively. This
corresponds to an average column top7d3 km asl and’.2km asl for JFJ and |ZThese level heights

were used to derive thenain comparison resultfor the tropospheric columnThe influence of this
choicewill bediscussed along with the main findings.

3.2.1. Jungfraujoch

Figure4 shows the regression analysis of the CO free tropospheric column (up to 7.3 km) as obtained
by the FTIRt JungfraujochThese values present hourly aggregates. They are compared against the
different reference datasetas described in sectioh.3. The FTIR colursrwere wellcorrelated with

the surface imsitu observations, regardless if these were takat the same time as the FTIR
observation(r=0.79 Figure4 top left) or at nighttime (r=0.8Q Figure4 bottom left). However, the
scatter as measurelly the bias corrected root mean square errdRM$was relatively largé~14

ppb) for this comparison and also the regression slopes were significantly different from 1 with the
surface observations showing more variability than the FTIR observatidmsn the folded irsitu
columnswere usedas reference(Figure4, top center) the comparison improved in terms of an
increased correlation coefficier(t=0.88)and a reduced BRMG10 pph). Also the regression slope
becomeclose to unity but there remineda positive bias of 10 pplFTIR columns in general sved

larger mean mole fractions. Not applying the AVK to thsitim profiles Figure4, top left) and theuse
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of pure large scale model datkigure4, bottom left) decreased the comparability of the FTIR data for

all comparison statisticsdowever, when using the folddeLEXPART macdaly columrs, which were

not adjusted by surface measurements, comparison statistieee as good as for the comparison

using the insitu profile (Figure4, bottom center) This does noimply that including the surface data

was altogether in vain. The FLEXPART model simulations were selected because they showed no
general bias for the surface-situ observationgHenne, 201% Hence, the adjustment due to surface
observations only minimallghangedthe model profiles and, because even at the high resolution
simulation the model was not entirely able to describe the local surface variability, asioied
scatterto the profilesthat was not observed by the FTIR

The ability of the FTIR to detect atmosphericiabitity at different time scalegésee sectior2.5 for
details of the method)s assessed ifigure5 againfor a column height of 7.3 km asl and three
different reference datasets: dayme surfacein-situ, folded insitu columns and insitu columns The
regression plots for inteannual, #asonal and hourly variability show large correlations for all time
scales. The correlation for hdyrvariability strongly improveavhen the folded imsitu column was
used as reference instead of the surfacesitu data Figure 5, center). The large correlation
coefficient for interannual variability should not be over interpreted sirités only based onthree
years.

The intercomparison resultpresented inFigure4 and Figureb for the lower tropospheric column as
retrieved by the FTIR strongly depend on the height up to whichtthpospheric column was
calculated. InFigure6 these dependencies are shown for the different comparison statistics and
different reference datasetsday-time and nighttime surface in-situ, folded in-situ columnsand
folded modetonly columns. For théatter two, columns constructed from different baseline models
are shown as well to illustrate the dependence of the results on the choice of the baseline. inodel
the case of CO at Jihé best estimate reference profile, was based on FLEXPART simailasimg
FLEXCTM background fieldis addition comparison results for the reference profileonstructed
from FLEXPART simulations using MAGEhalysis as background fields are showar all column
heights the correlation coefficient was largand the BRMS was smallr modelonly and insitu
columncomparisons than fosurfacein-situ comparisonsAs already seen for a column height of 7.3
km asl inFigure 4, modelonly profile means(gray lines and symbdlshowed a slightly larger
correlation than irsitu profile meangred lines and symbols). This was similar both FLEXPART
simulations witheither HLEXCTM dWACCre-analysis as background valuds contrast, regression
slopes were closer to unity for the-gitu columnsthan the modelonly columns This was especially
pronounced for the modeatolumnsbased on MACC s&nalysis for which the FTIR regression slope of
~1.2 ppb/ppb for the modebnly columnchanged to a slope of 1.07 ftre in-situ column The MACC
re-analysis for CO is known to uneestimate near surface concentrans of CO in Central Europe
(Inness et al., 2003 This was also visible in tlommparisonswhen the insitu simulations of the
modelwere compared against surfagesitu observationgHenne, 201% The inclusion of theurface
data removael this bias and lead to an overall similar comparison of the MAG&uisolumnsasfor

the FLEXCTM-8itu columrs.

Correlations between modainly and insitu tropospheric columnson the one handand FTIR
troposphericcolumnson the other handnly improved slightly with higher column toffSigure6, top
left). Consistentlythe BRMS was reduced for higher colutops (Figure6, bottom right) The BRMS
for surfacein-situ comparisors remained large for all column top heighBegression slope and bias
decreased with increasing column heidRigure6, top right and bottom left) For thein-situ profile

the bias basically vanishethen the tropospheric colummwas averagedip to 10.6 kmasl and also
the slope becamesqual to unity in this caseThese changes in slope and bias with increasing
tropospheric column height can be understood when comparing the vestoadture of theprofiles
obtained by the FTIR witthose of the folded in-situ profiles Figure7 shows the time series of
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monthly mean FTIR profiles and monthly mean differences between the FTIR and the fesited in
profiles. The FTIR time seridfustrates the typtal annual cycle of Ci@ the northern hemispheric
mid-latitudeswith increased CO mole fractions in the lower troposphere during winter and decreased
CO mole fractions in summer. In general CO steadily decreased from the surface to the stratosphere.
The dfferences between FTIR and foldedsitu profile reveal an interesting relocation of CO in the
FTIR profiles. While FTIR values were generally lower thsituiprofile values in the troposphere
above 6 km, they were larger in the lower troposphere. aadition to this vertical shift, an
intensification of the upper tropospheric deficit was detected during the winter month, while the
lower tropospheric surplus remained relatively constant throughout the yedth a slight
amplification during the summemonths The red horizontal line ifrigure? indicates the column
heightfor which on averagene independent piece of informatiomas retrieved byhe FTIR (DOF=1).
From the vertical profile differences it becomes obvious that the lower the column height the larger
the positive FTIR bias will be (comp&igureb).
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Figure4: Linear regression analysis of mean free tropospheif@)CO mole fractions as obtained by FTIR at
Jungfraujoch For the lower free tropospheric mean all FTIR suidumns up to 7.3 km asl were averaged
(pressure weighted mean)The six different reference mole fractions were obtained from (top left)-situ
observations at the same time as FTIR observations, (bottom Ieiftht-time in-situ observations bracketing

the FTIR observation, (top center)-situ profile folded with FTR AVK, (bottom center) model profile folded
with FTIR AVK, (top right) mean -gitu profile, (bottom right) GCTM profile folded with FTIR AV&CTM
profiles were taken fromFLEXCTM. The uncertainties given for regression slope, b, and regression intercept
a, are 95% confidence limits.
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Figureb: Scatterplots for different temporal scales of variability: (red squares) intannual, (blue diamonds)
seasonal, (gray circles) hourly residuals. The mean free tropospheric CO mole fractions as obtained by FTIR at
Jungfraujoch were analysed versus (left) surfaoesitu observations at the same time as FTIR observations,
(center) FT mean of folded isitu profiles, (right) FT mean of igsitu profiles. The FT averaging ranged from

the surface to 7.3 km asl. The black line represents the one to one line.
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Figure7: Time series (paxis) of (left) monthly mean vertical profiles {gxis) of CO mole fractions as retrieved
by FTIR and (right) monthly mean differences of the FTIR and feldBd in-situ profiles for JungfraujochThe
lowest level marked by FT represents the free tropospheric mean calculated from the lowest level up to the
height indicated by the red dashed line. The numbers at the top of each monthly column gives the nuofbe
valid hourly FTIR aggregates in the respective month.

3.2.2. lzafm

Similar resultsas for Jungfraujoclvere also obtained for FTIR retrieved lower troposphedtumns
of carbonmonoxide at Izaé. The comparison with surfadge-situ observations indicates a negative
bias in the FTIR and alaoegression slope smaller than(Bigure8, top left, bottom left) With values
smaller 10 ppbhe BRMSvassmaler for CO at 1IZG@han at JEJThis may be due to the overall smaller
variability in observed C@t this location All comparisonstatistics except the regression slope
improved when using nigkttme in-situ observationsndicating that daytime influencefrom up-slope
winds complicateshe direct comparison Thecomparison with foldedn-situ columns(Figure8, top
center)showed a regression slope naigificantly different from 1 anch smallnegative bias of the
FTR columnof about-13 ppb.As for JEXomparisons wittmodetonly profiles were very similar to
the one using irsitu profiles.In comparison to JFJ observeaatrelations at 1ZO werggenerallysimilar
and BRMSwere smaller.In contrast to JFJ a negative FTIR limgompared to the reference column
was detected when the height of the tropospheric column was 7.2 km asl.

When looking at the timescales of observed variability Kigure 9) one can discern a strong
improvement in the comparison for the subonthly variabilitywhen using the issitu columnggray
circles inFigure9, center) instead of the surface-gitu data Figure9, left). This improvement was
more pronounced for 1ZO than for JFJ, whinhy relateto the existence ofelevated layers of
increased C@t 1ZO(see discussion belowhat were not reflected in the surface igitu data but wee
picked up by the FTI&hd the model Such elevated pollution layers are less typical for JFJ and most
of the submonthly variability in the tropospheric column above JFJ is expected to result from
variability close to the surface.

When looking at the dependence of the comparison ba tropospheric columrdepth (Figurel10),
similar observations as for JFJ can be made. Correlatierssincreasing with column depth for the
in-situ columnsbased onMACC reanalysis while theywere first increasing then decreasing for the
surfacein-situ observations and the isitu columnsbased on FLEXCTMith increasing tropospheric
columndepth the absolute mean bias and also the BRMS decreased fan4itu columnsbased on
MACCre-analysis The BRMS remained large for the other reference datagéits.regression slope
approached unity for the highest tropospheric colutmp of 10.6km asl.But in contrast to JFJ, the
bias did not vanish completely whentegrating the tropospheric column up to 10.6 km asl, but
remained at around5 ppb.Differences between the modeinly profileand the related irsitu profile
were not significant. Again this does not metimat the incorporation of the irsitu data was at
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necessary. FLEXPARACC was selected because of its unbiased performémcsimulatingthe
surface insitu data.However, it is interesting to notice that the comparison statistics forrtiuslel
only FLEXPARALEXCTMolumnsimproved after fusion withthe in-situ data but did not achieve
similarlygood results as the FLEXPARATC modebnly and insitu columns

The vertical profile of CO as retrieved by the FTIR showed a pronounced seasonal cycle with largest
values during the winter monthand at eévated altitudes of about 9 km a@tigurell, left). During

the summer montlsa lower tropospheric minimum was observed below 5 km@smpared with the
referenceprofile (Figurell, right) a consistent negative (positive) bias of the FTIR in the lower (upper)
troposphere was observed he biases were more pronounced during ésnwhen largest CO mole
fractions were detected by the FTIR in the upper troposph&res vertical profile of thédias was
opposite to the one detected for CO at Hadl wasalsovery similar when using FLEXCTM instead of
MACCre-analysisas baseline modgnot shown), as it was done for JFJ. When assuming that the
general vertical profiles in the model are consistent between different locations, the reversal in the
bias location must be a feature of the FTIR retrievalee MACC reanalysis was validatediast
aircraft data and showed a general good agreement for the middle troposphere, but is known to
underestimate CO concentrations in the planetary boundary layer close to emission s@immess

et al., 2013 However,at levels closed the surfacethe additional FLEXPART simulatiatich only

uses the MAC&analysis as a background leveahd the additionalcombination with the surface in

situ observationscorrects the model profileHence,6 S R &xge@ such undeestimation in ou
reference profilesand did not see it in the model vs-situ comparisonin central Europe the MACC
reanalysis oveestimates CO in the upper troposphdmver stratosphereabove an altitude of about

10 km(Inness et al., 20)3Due tothe crossdependency in the FTIR AVK this may also impact the
comparison at lower altitudes.

However, 1 is interesting to note that the FTIR profiles stemthe largestmole fractionsat different
levels for the two sites. Alsahe model simulations shweed similar tendenciesat these altitudes,
althoughwith smaller amplituds. At JFJ large variations close to the surface were caused bybglose
emissions in the European planetary boundary layat are vertically lifted to the sitéAt 1ZOlarger
variability occurred aloft and originatefrom long range transport from the North American east
coast.Onepossible interpretation of the more pronounced vertical profile in the FTIR observasions
that the FTIRdetects COat the correct vertical locatiobut overemphasizests values.In turn the
retrieval compensateghe increased levelat other altitudes but observes thedotal tropospheric
column correctly
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Figure8: Same a Figure4 but for COas observed by FTIR at IzafiLower free tropospheric profiles were
averaged up to 7.2 km asGCTM profiles were taken from MACE-analysis
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3.3.0zoneobservationsfrom FTIR

Typical row averaging kernels of tR@IR Qretrieval exhibited strongest sensitivities in the lower to
middle troposphere. Row averaging kernels for different troposphericcallbmns were relatively
similar. The same general structure of the AVKs was inherent at both sites. On averagmtbkthe
diagonal elements of the AVK reached 1 when summed over the lowésind 11.6 FTIR sub
columns for JFJ and 1ZO, respectively. This corresponds to an average columftdkof asl and
113 km asl for JFJ and 1ZDo restrict the influencdrom the UTLS region thmain comparison
results for the tropospheric columwere derived for a tropospheric column height©8 and 7.2 for
JFJ and 1ZO, respectively, which represents an average degree of freedom of 2/3

Generated by Empa Page21-49



Title: Cross comparison report
Deliverable numberD5.3

n 0 R S Revisior05 - Status: Final
Date of issue01/12/2014

3.3.1. Jungfraujoch

The tropospheric @mean column retrieved by FTIR at JFJ was averaged up to an altitude of ~7.8 km
asl, which is the altitude for which on average the profile retrieval atditt a degree of freedom
larger than2/3. In Figure 9this tropospheric column is compared againdfedent reference data

sets. The direct comparison wittay-time surface imsitu data shows thaFTIR mole fractionsere
generally largens indicated by a slope of b=1.2. However, no overall bias was detected between the
two datasets.That the FTIR resved tropospheric column would be larger than the surfaesitnis

not surprising considering theyeneral increase of ozone with altitude in the troposphere.
Nevertheless, a reasonable correlation between both data sets was established with. a8
comparing the dayime FTIR observations with the bracketing nifhte surfacein-situ observations

the comparison statistics only improdenarginally.This is in agreement with the observation of only
minor systematiaiurnal variations of surfac&; at JFJKigure2). Theagreement between the FTIR
tropospheric column and modeinly columns(Figure 12, bottom center and bottom right) is
generally much better than for surface-situ data. Even better comparison statistics were obtained
against the irsitu columrs (our main referenceFigurel2, top center). In this caséhe regression
slope was close to unity (b=1.1) and the BRXSreduced to ~7 ppb. A small overall bias of 3.5 ppb
remained (FTIR in-situ column).

To highlight the benefit of the FLEXPART simulations it should be pointed out that the-anbdel
columnstaken directly from the MACC 4a@nalysisat the location of the FTIR observatidid not
agreeas wellwith the FTR asthe FLEXPART simulatiogigl (Figure12, bottom left versus bottom
centen. This discrepancy between FTIR and MAC@nadysis seems to benostly due to
representativeness uncertainties that wereducedwith the highresolution and dedicatedspecific
for the sampling volume of the FTIR)EXPART simulation

The benefit of referencing the FTIR column against fblded in-situ column is even more
pronourced when looking at the sutmonthly variability Figure 13). For the surface isitu
comparison most of the common variability originated from the corresponding sedsycle while
the correlation for submonthly variability was relatively small (r=0,3gurel3 left). In contrast, the
FTIR column correlated much better with timesitu column for submonthly variability (=0.61 before
applying the AVKs ang0.79after applying the AVKE&igurel3 center and right Again, he regative
correlatiors for inter-annual variability should not be interpretedince they were derived from three
years of data only and average values for these years were very similar

As for CO the comparison statistics depend on the height of the troposphéduiticoinFigurel4 it
can be seen that correlation and regression sldpe a comparison against 4situ columns and
modetonly columnsfurther improve with a deepettropospheric columnAt the same time the
comparisons with surface 4situ data deteriorate.However, mean bias and BRM$o slightly
increased for the modebnly and insitu columns While the comparison with igitu columns was
generally slightly impread as compared to modeinly columns, this difference decreased with
increasing column depth. The latter is not surprising since the influence of the surfaite data is
limited to the lower troposphere and loses importance with increasing column hdigkhould be
noted that for a tropospheric column reaching up to ~11 km, the altitude eliee retrieval usually
achievedto obtain one independent piece of information (DOF=1), the comparison with roydgl
and insitu column was almost perfect witk0.9, b=1, bias=4 ppb, and a BRMS of 8 ppb.

The monthly mean vertical {profiles as retrieved by the FTIR are showrkigurel5. The vertical
and temporal variability displayed generally agrees vaitin expectations fol site in the northern
hemisphere midatitudes, showinga higher tropopause during the summer (low values @f O
reaching up to > 11 km) and a lower tropopauseimyiwinter. In addition, tropospheric decrease
during fall and winter and walsrgest during spring and summéf/hen compared tdhe foldedin-
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situ profiles the FTIR profile showed a generafhall, butpositive bias in the troposphere (already
seen &ove), which was increased in the upper troposphere during the summers of 2009 andr2011.
2011 the overall agreement ithe troposphere was improved. Thaositive bias may relate to a
negative model bias that was observed for the MACG&@mnaysis when aapared to ozonesonde and
aircraft data(Inness et al., 20)3An average model bias of abo6t% was found for European sites.
The bias however improved after 2008 when a problem with the variatitanas correction was
resolved(Inness et al., 20)3&nd the period covered in this study (2002011) shoulde unaffected.
This is also supported by the very good agreement of the model data with the surfaie in
observations as shown in NORS deliverd&liel (Henne, 2014 Above the tropopaus¢he FTIR was
negatively biased as compared to thesitu profile While this bias appears relegly large in
absolute terms (<20 ppb), it was comparatively small in a relative ser5é/4).
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Figure 12 Same a Figure4 but for O; observations fromFTIR atJungfraujoch Lower free tropospheric
profiles were averaged up to 8.km asl. GCTNbackground andorofiles were taken from MAC@-analysis
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Figure1l3: Same ag-igure5 but for O; as observed by FTIR dtingfraujoch The mean free tropospheri€TIR
columns were analysed versus (left) surface situ observations at the same time as FTIR observations,
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(center) folded in-situ columns (right) insitu columns The FT averaging rangdtbm the surface to 7.8 km
asl.
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Figureld: Same agigure6 but for O; as observed by FTI& Jungfraujoch
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Figurel5: Same ad-igure7 but for O; as observed by FTIR at Jungfraujoch. (left) FTIR mole fractions, (right)
FTIR bias as compared tolded in-situ profile.

3.3.2. lzama

The tropospheric ©column as retrieved by FTIR at Izafia and averaged up to an altitude of 7.2 km asl
did not compare well with surface -®itu observations taken at the same time as the FTIR
observations Figurel6, top left). As discussed in secti8ril day-time transport of marine boundary

layer air and additional surface deposition of &ongthe mountain slope systematically decrease
ozone surface concentrations at the site. Consequently, the direct comparison with FTIR observations,
which were only minimally influenced by this-u@rd transport, indicated a positive FTIR bias and
regressionslope larger than 1 The comparison of the FTIR column with nitjimte surface imsitu
observations showed better agreement in terms of correlation but still showed a positive FTIR bias
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and regression slope larger thar{Figurel6, bottom left). This is similar to the findings at JFJ and due
to the generally increasings@ole fractions with altitudeAll comparisons against modehly and in

situ columrs showed largel improved comparison statistics: correlations were larger, bias and BRMS
were reducedFigurel6). It is interesting to note that the comparison of the FTIR agaimstirt-situ
column exhibited better comparison statisti¢gcreased correlation coefficient, reduced bias and
BRMS)}han the comparison against the-gitu column that was folded with the AVK before the
calculation of the tropospheric meaklowever, the rgression slope for the first was relatively large
(b=1.4) while it was closer to 1 (b=1.2) for the latfBine reason for this is currently not understood
but mayrelate to uncertainties in the {¥etrieval

Theresults of thecomparison of different tempral scales of variabilitsre similar tothose obtained

for O; at JFJ. The separation of the signals reveals that especially on thaosubly time scale
correlations between FTIR and reference data improved whesitincolumns were used instead of
surfacein-situ data(Figurel7, center vs. left With respect to the previous observation of reduced
correlation for folded irsitu profiles, it is interesting to note that when the variability was separated
onto the different timescales, correlations for hourly variability were as good for the foldesitin
columns as for the nofolded insitu columns(Figurel7, center and right)At the sane time the
correlation for interannual variability was very poor for the foldedsitu columns. Although, the
inter-annual correlation should be viewed cautiousljistmay suggest thatthe problems with the
AVK could be related to temporal changesha tetrieval algorithm.

As for Q at JFJ comparison statistics improved for a deeper tropospheric column at 1ZO as well. For a
tropospheric column reaching up to 11.4 km, the height for which the AVK indicated the retrieval of
one independent piece of infmation, the regression slope between FTIR columnfatakd in-situ

column was close to unity (b=1.05) and the BRMS was ~qFgbre18). However, a positive FTIR

bias of ~8 ppb remainedgain it can be seen that including the surfacsito observations has only
limited influence on the comparison statistics, but was stresifor a lower tropospheric column top.

The temporal evolution of the monthly mean FTIR profile gih@zafia was similar to that at JFJ in the
sense that it also showed largest tropospheric 0zone mole fractions in spring and summer and lowest
mole fractions in fall and winter. Compared to JFJ the tropopause, whemadle fractions sharply
increase withaltitude, was at highealtitudes at I1ZO. This is consistent with the srdpical location

of the site. Consistent with the FTIR observations at {ieésitive bias as compared to the folded in

situ profiles was also established for 1ZO. The magnitude of the bias was larger than at JFJ and it was
visible for all years. Furthermore, the bias was more emphasized during summer when relatively high
O; mole fractions occurredAs discussed for JFJ, the MAGCe&nalysis was shown to exhibit only

small tropospherichiases after 2008.0ur model comparisonwith nighttime surface insitu
observations(not shown here)only revealedminor seasonality in the biawith simulated values

being largetthan in-situ valuesn summerand fall While this model bias was corrected close to the
surface it cannot be ruled out that the same positive model bias also occurred at higher altitude.
Nevertheless, a positive modeias as compared to realitfsurface irsitu) and a positive FTIR bias

when compared to the hsitu profiles constructed from this model would result in an even more
pronounced FTIR bias as compared to reality. In summary, the observed positive FTIR bias as
compared to the irsitu profiles does not seem to originate from the model but seems to be driven by
the FTIR observations.
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Figure 16: Same a Figure 4 but for O; observationsby FTIR at IzafiaLower tropospheric profiles were
averaged up to 2 km asl. GCTM profiles were taken from MA@Eanalysis
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Figurel8 Same agigure6 but for O; as observed by FTI® Izafia
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Figure1l9: Same ag-igure? but for O; as observed by FTIR at Izafia. (left) FTIR mole fractions, (right) FTIR bias
as compared tdolded in-situ profile.

3.4.Methane observationsfrom FTIR

The typical row averaging kerndisr the FTIR CHetrieval indicated strongest sensitivities to mid
tropospheric Ck while sensitivities close to the surface were relatively sniddls was similar for
both sites but with generally smaller sensitivitietose to the surfacat JFJ thamat 1ZO In contrast,
sensitivities were more pronounced at raigbpospheric levels at JFJ than at IA@hould be pointed
out that the methane line parameters remain unsatisfactory, still presenting some inconsistencies. To
avoid producing unrealisticsaillations in the FTIR profiles, the retrievalingler-constrained to get a
reduced but decent DOF of 2 on average for QRJaverage the sum of the diagonal elements of the
AVK reached 1 (indicating one independent piece of information from the ratjievhen summed
over the lowest10 and 12FTIR sulwolumnsfor JFJ and 1ZO, respectivelhis corresponds to an
average column top ofl2.2 km asland 116 km aslfor JFJ and 1ZO, respectivellowever,
considerable cross influensdérom altitudes up to 20km were also contained in the tropospheric
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profile. To restrict the stratospheric influence on the main comparison results the tropospheric
column height was restricted to 9.3 km asl anl kim asl for JFJ and 1ZO, respectivEheinfluence
of this seletion is discussed along with the main findings.

3.4.1. Jungfraujoch

Consistent with the analysis of FdBservedCO at JFJ also FTIR obsetvgposphericCH, columns
at JFJ showed less variability as compared to the surfasiuimbservationsKigure20, top left). The
correlation coefficient for hourly data was0.53, lower than for the CO comparison. Comparison
with nighttime data did notsignificantlychange the comparison statisticBigure20, bottom left).
Better agreement wa®stablishedbetween FTIRolumnsand the insitu columns (Figure 20, top
right), although the improvement was mainly in terms of a slope closer to unity and reduced bias and
BRMS but not in correlationApplying the FTIR AVK to tiresitu profile resultedin a surprising
reduction ofthe data range of thdolded in-situ columns(Figure20, top center) While correlations
slightly improvel in this comparisonand the BRMS was further reducethe regression slope
increasedto b=1.5, indicating much larger variability in the FTIR observations thacolumns
obtained from the folded insitu profiles. The samewas observed when folding the modeinly
profiles (FLEXPART and GCHilgure20, bottom center and right

The separation of different scales of variability revealed that the observed seasonal cycle largely
agreed between the FTIR column and thesitn column Figure21, right).In contrastto the surface

in-situ comparison, the FTIR suionthly variability was irslightly better agreement for the issitu
columrs (r=0.47 vs. r=0.40)As seen above, when using tfidded in-situ column a regression slope
significantly larger than 1 was obtained both for the seasonal cycle and theenthly variability
(Figure21, center)

Comparison statistics depended on the depth of thmlgsed tropospheric columrFigure22). For
FLEXCTM derived-s$itu columns correlations and bias decreased with increasing column depth
(Figure22, red line3, while the BRMS slightly increaséthe regression slope remained sanly large
(b~1.5) for all column depths. As expected, comparison statistics got worse with increasing column
height for surface irsitu comparisons.Two other baseline models were used for the construction of
in-situ profiles. While comparisons usingsitu columns obtained with TM5 model data were similar

to those with FLEXCTM model data, the comparisons wititincolumns using MACC-agalysis

data were much worse in terms of correlation, regression slope and BRMSwas already seen
when compamg the FLEXPARTsitu simulations based on MACGamealysis with the surface isitu
data(Henne, 201X

The monthly time series of the FTIR obtained CH4 profiles at JF3haren in Figure 23. It is
interesting to note that the time series shows almost no, @&tiability inthe lowest layers. This
corresponds to the low sensitivities of the retrieval at these levels as it is reflected in the AVKs.
Consequently, the values in this layer remained close to Hpeici values used in the retrieval.
Otherwise, largest CHnole fractions were observed at an altitude around 6 km and during winter.
The monthly bias plot showed a consistent positive bias in the troposphere and strong negative bias
in the lower stratosphere. The latter was less pronounced when using TM5 in the coiostroicthe

in-situ profiles. Tropospheric biases were largest at times of largest FTIR observed mole fractions.

The reasorfor the systematic change in regression slopes against the FTIR observation when folding
the insitu and modebnly profiles with he FTIR AVK needs to be discussed in more désil
discussed above, the AViKslicated very small sensitivityn the lowemosttroposphere Folding the
reference profiles with the AVHus resulted in values that werevery close to the goriori values at
theselevds. The same is true for the FTIR profissswel] and overall no bias was seen between the
two in the lowest FTIR sutmlumn (Figure23, right). In contrast to the reference profileshe FTIR
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showed largelCH values gain at a layer around 6 km asl, where the folded profiles did not show
large CH values. Similarly as discgased above for COt seems that some of the near surface
variability in Cilwas detected by the retrieval in the mid troposphere although the AVK does not
reveal any surface influender these levels and consequently folding reference profiles with & A
results in generally lower column values as in the FTIR column.

Another possibility for the increased slope when comparing the FTIR columns versus the falided in
columns is that of cross influence from the stratospheéfewever, when comparing theathsets for
different tropospheric column depthsF{gure21) similar values were observed for the regression
slope between FTIR columns and foldegiin columnsFurthermore, comparison results were very
similar for two different baseline models (FLEXCTM and TM5) that were used for the FLEXPART
simulations. Both models showed relatively large differences in the UTLS.r&gighthere was an
important influence fom the UTLS, one would expect comparison results to be very different, which
they were not For FLEXCTM no independent model validation against profile data is available. TM5
was validated against a number of different aircraft data g@®srgamaschi et al., 201L3A small
positive model bias of about-50 ppb was observed for the UTLS region {200 hPa)n average
Average vertical gradients in the UTLS were sharper and average mole fraatitmes UTS were
smaller in TM5 as compared to FLEXCTM. Despite these differences, the FTIR comparison against the
surface insitu profiles constructed from these two models was very similar. A thigltincolumn

was constructed using Glftom the MACCa-analysis. While in general these MACG@iin columns

did not compare as well with the FTIR observations as those of the two other n{Bigise2l), the

same behsiour (increased regression slope) was observed after folding with FTIR averaging kernel. In
addition to theuse of different baseline modela/e alsotried to restrict the stratospheric influencén

the tropospheric part of the FTIR profllg applying tle profile correction suggested [8pulveda et

al. (2014, which focuses the AVK onto the tropospheric column. Whiéecorrectionremoved part

of the observed bias it did nahangethe regression slopd-rom this we conclude that the decrease

in variability in the irsitu columns after folding withhie AVK does not originate from possible model
biases in the UTLS, but rathfeom the limited sensitivity of the JFJ FTIR retrievals to the lowermost
levels. Efforts are ongoing to improve the methane line parameters. Their implementation should
help pushig the JFJ FTIR retrievals further, allowing increasing the DOF, in particular the sensitivity to
the first layers, while producing more realistic vertical distributions of methane

Considering the problems that occurred when applying the AVK to thiguimnd modelonly profiles,

it seems to beeasonableto report the comparison statistics of the FTIR column against teiun
column for which the AVK was not applied. For the tropospheric column reaching on average up to
12.2km aslat least a DOF of was obtained by the retrieval. The correlation for this tropospheric
FTIR column with the {situ column was around 0.6, while a slope of b=1.0 and a BRMS of ~13 ppb
was determined. The overall bias for the tropospheric column \Bagpb (FLEXCTMput depended

on the choice of baseline modgR0 ppb for TM5)
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Figure20: Same a Figure4 but for CH, as observed byFTIRat Jungfraujoch.Tropospheric columns were
averaged up to 9.&m asl GCTM profiles were taken from FLEXC3iMulations
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Figure21: Same ag-igure5 but for CH as observed by FTIR at Jungfraujodihe mean free tropospheri€TIR
values wereanalysed versus (left) surface-situ observations athe same time as FTIR observations, (center)
FT mean of folded #isitu profiles, (right) FT mean of igitu profiles. The FT averagirtanged from the surface
to 9.3km asl.
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Figure22: Same ag-igure6 but for CH as observed by FTIR at Jungfraujoch
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Figure23: Same ag-igure? but for CH as observed by FTIR aingfraujoch (left) FTIR mole fractions, (right)
FTIR bias as compared to reference prafile

3.4.2. lzaha

At Izafia FTIR observed tropospherig Gdlumns were calculated up to an altitude o6asl. When
compared to daytime and nighitime surface irsitu observations, FTIR columns showed less overall
variability and regression slopes smalllean 1 were obtained. In general, there was large seath

the comparisons (BRMS of ~18 ppb) and a positive FTIR bias of ~60 ppb was défteeted.
comparability improved when using nighine in-situ observations instead of ddyne data. Our

results are similar to those obtained in Sepulveda ef20112) in terms of correlation and regression
slope. However, they did not report a relevant bias between the two data Bets.of our large bias

may beexplaired byour transformation of irsitu mixing ratios from dry air mole fractions to moist

air mole fractions, thereby decreasing them by about 1 % (~19 ppb) on average. No such correction
was reported by Sepulveda et £012).
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The comparability was increased in terms of correlation and BRMS when usingongdehd insitu
columnsinstead of surface ksitu datg but the bias further increased {ppb for the folded insitu

profile, Figure 24 top centen. In addition, a regression slope significantly larger than unity was
obtained for all model derived profiles. For the folded profiles this is similar to the results fatCH

JFJ, where it was argued that the AVKs introduced a problem in the compansanfds 1ZO also the

in-situ columns that were not folded with the AVK showed a slope much larger than unity a general
overestimation of tropospheric GHyy the FTIRould besuspected.Surface irsitu values (dry air

mole fractions) were in very good @&gment with simulated dry air mole fractions (no bias for
FLEXCTM). KSNEF2NB>X ¢S R2y Qi GKAYy]l GKIFIG GKS 20aSNBSR
from unrealisticreferenceprofiles.

As seen for all previous comparispthe improved correlabn in the FTIR comparison againssitu
columns mainlyresulted from an increased correlation on the sutonthly time scale(r=03 to
r=0.68 Figure25). However,in the case of CHat 1ZOcorrelation coefficientsalsoslightlyincreased
for the seasonal timecale when using irsitu columns instead of surface data.

Correlations and BRMS were not very sensitive to the tropospheric column height for-diitel in
comparisons and TM5 derived-Bitu columngFigure26). The bias decreased with increasing column
height. It remained especially large forsitu columns derived fromFLEXCTM (~70 ppb) and was
considerably smaller for TM5 derived-situ columns (~40 ppb)n contrast to iRsitu simulations

based on FLEXCTM, TM5 based simulations showed an average surface bias of ~18 ppb, explaining
part of the difference between the tw bias estimatesBoth FLEXCTM and TM5 deriveesitn
simulations did not show a large bias at JFJ. Also the column comparison at JFJ did not reveal a large
difference between irsitu column and FTIR columiTherefore, it seems likely that either
tropospheric CH is systematically ovesstimated by the FTIR at IZO or that the models did not
reproduce the tropospheric profile shape at 1Zkbe latter seems unlikely since IZO is situated away
from major CHemission sources and agreement with surfacsitn data was very goodverall the
influence of surfaceén-situ data on the irsitu profiles was smalwhich was tdbe expected dudo

small surface sensitivity dfie retrieval.In the case of FLEXCTie simulatedin-situ concentrations

were in close agrement with the surface isitu measurementswhich only led to minor adjustments

of the modetonly profiles

The temporal evolution of the FTIR observed tropospheric profile can be sdéguire27. As seen
before, the variability of the tropopause height can be clearly discerned from the shaygréatient

in the UTLS. Elevated £¢bncentrations reached higher during summer when mean tropospheric
concentrations were smallesin contrast to the FTIR observations at, lg@iest CHmole fractions

were retrieved close to the surface, while at JFJ these prevailed in an elevatedllagestrong FTIR

bias as compared with the folded-gitu profiles did not show a clear seasonal dependence. It was
positive throughout the whole troposphere up to 14 km asl. Above a negative FTIR bias prevailed
throughout the whole comparison period. & megative bias in the lower stratosphere is consistent
with the one observed at JFJ, while the positive bias in the troposphasemuch less pronounced at
JFJThe positive tropospheric bias at 1ZO showed an increasing trend over the three year period
(Figure27, right). The trend mainly originated from the trend in the FTIR observations, while no such
trend could be seen in the FLEXCTM derived profiles. In contidstderived profiles also showed a
small positive trend over the investigation period.

In summary, one can say that the {kbpospheric columns as observed by FTIR over 1ZO agreed
fairly well with the reference profiles in terms of correlation. Integmgt model profiles andnh-situ
observations and model profiles, helped to improve the comparability of the FTIR observations.
However, a large FTIR bias of 40 ppb to 70 ppb for the tropospheric column remained. The magnitude
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of the bias depends on the bdse model used in the FLEXPART simulations and was largest for the
baseline model that showed best performance for the surfaestinobservations.
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Figure24: Same a Figure4 but for CH, as observed by FTIR at |zafiree tropospheric profiles were averaged
up to 7.6 km asl. GCTM profiles were taken frofRLEXCTM.
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Figure25: Same ag-igure5 but for CH as observed by FTIR at I1zafiche mean free tropospheri€TIR values
were analysed versus (left) surface itu observations at the same time as FTIR observations, (cerfér)
mean of folded insitu profiles, (right) FT mean of igsitu profiles. The FT averagingrrged from the surface to
7.6 km asl.
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Figure26: Same as-igure6 but for CH as observed by FTIR Hafia.
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Figure27. Same ag-igure7 but for CH as observed by FTIR at Izaf(&eft) FTIR mole fractions, (right) FTIR
bias as compared to folded #gitu profile.at 1ZO.

3.5.Nitrogen dioxideobservationsfrom MAXDOAS

3.5.1. Jungfraujoch

TheMAXDOA®rofile retrieval provided NQ observationsup to an altitude of7 km aslThe retrieval

was very sensitive to N@lose to the surface. The AVKs indicated that already at an altitude of 4.1
km asl (or 500 m above the instrument) at least ondependent piece of information could be
retrieved (DOF>E. While this relatively shallow vertical column should in general improve the
comparability with surface isitu data, a representativeness problem arises from the long horizontal
viewing path of lhe instrument. In the case of the MAXDOAS at JFJ, the viewing direction was North
West towards preAlpine terrain Often the viewing distances were long enough to reach over the flat
terrain of the Swiss plateauSince the mountains may considerably altee vertical trace gas
stratification, usuallflifting trace species to higher altitudes during elitye over the mountainous
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terrain, it is likely that the N©concentrations along the horizontal viewing path of the MAXDOAS
decrease with distanceFLEXPAR backward simulations considered the viewing geometry and
sampling volume of the MAXDO#s®e sectior.3.1). Hence, the representativeness problemould

be resoled by the transport in the model and the furthersitu data integrationOverall FLEXPART
showed problems in reproducing the surfacesitu observations of NQwhichcan be related tdghe
simplifications in the model approaqgisee Sectior2.3.1). However, the model adjustment by the
surfacein-situ observations compensated for these problems. Unfortunately, the adjustment was
often not successful duto near zero backgumd or pollution contributiongdsee method details in
NORS D5.1, Henne, 2Q14Therefore, it was necessary to additionally filter the comparison for cases
when the adjustment produced unrealistic corrections in the model profile. Angbssiblesource

of problems vith the model adjustmentvas the presence darge insitu NQ observations that were
most likelydue to local activities around the site..constructionwork, snow catsand helicopterk
While such episodes are usually manually removed from the tiemeess some outliers were still
present before the filter was appliedzor the two year comparison period a total of 915 hourly
comparison pairs remainedfter filtering.

The direct comparison of the MAXDOAS lower tropospheric caupom to 4.1 km asl) ith the
surface irsitu observations indicated a moderate correlation (r=0.59) but large scatter also at large
mole fractions.The BRMS of 90 ppt was large compared to the avesagace insitu NG, levelsof
100 ppt The estimated bias 6B0 ppt was in the range of the detection limit of thesitu analyser.
The comparison of the MAXDOAS column witkiin and modebnly columns showed an improved
agreement in terms of larger correlation coefficients (~0.7) and cedlBRMS and biashe model
only columns (especially the one directly taken from the MAG&nadysis) showed large scatter
when compared with theMAXDOASThe adjustment of the model profiles towards thesitu
observations largely improved the compaiiitip. In case of the folded isitu column the correlation
coefficient increased to 0.7 and the BRMS decreased to 600ppy the regression slopecreased to

a value significantiyarger than unity(b=1.2), which could indicate a slight oxestimation of the
lower tropospheric N@ mole fractions by the MAXDOAS8owever, due to the relatively large
uncertainty of the irsitu analyser and the generally large model uncertainty in the case efablO
compared to the previously discussed species, the probiteay also lie on the side of the reference
profile. In contrast to the previously discussed FTIR retrievals thXIMDRAS AVKs are relatively
focused and, especially for the lowest sgblumn, did not show much cross talk from other levels.
Therefore, it isnot surprising that applying the A¥Ko the reference profiles did not significantly
change the comparisofirigure28, top left).

Different scales of variability werresolved by the MAXDOAS and the reference datasets in a similar
way. Like for the FTIRhé comparison for hourly samples benefitted most from the inclusion of
model profiles, while the reproduction of the seasonal cycle was similar also for gt isurface
observationgFigure29).

While it was said before, that the AVKs for the MAXDOAS were relatively focused, we still analysed
the dependence of the comparison statistics on the column depth. Correlation coeffigenesally
increased and BRMS decreased with increasing column depth (up to 4.5 km asl) fesitbecotumn
comparisonFigure 30. For all column depthsincluding he insitu data in the simulated profiles
strongly improved the comparability of the MAXDOAS data in terms of correlation, BRMS, and bias.
As expected, idect comparisons with surface -Bitu data showedless favourable comparison
statistics with increasimcolumn height.

The monthly mean vertical profiles as obtained by the MAXDOAS showed relathedlNO; values
below 4 km asl, a maximum around 4.5 km asl and exponentially decreasing values above. This
exponential decrease was mainly owed to the exguiialy decreasinga-priori profile used in the
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retrieval. No distinct seasonal cycle was visible in the MAXDOAS prdfide n 2011a summer
time maxmum was visiblewinter time maxima seerd to dominate in2012. The overall MAXDOAS
bias as comparetb the folded insitu profiles was positive above 4.3 km gmissibly driven by the-a
priori profile), while it was negative below 4 km asl for the year 2011 and near ze91@.

Overall and considering the relatively low N@vels the agreement bateen the MAXDOAS
observations and the isitu profiles was remarkably good.
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Figure 28: Same a Figure4but for NG, as observedby MAXDOAS taJungfraujoch.Tropospheric columns
were averaged upo 4.06 km asl. GCTM profiles were taken form MAC@nalysis.

Figure 29: Same asFigure 5 but for NO, as observed by MAXDOAS at Jungfraujodthe mean free
tropospheric FTIR values weranalysed versus (left) surface itu observations at the same time as
MAXDOASDbservations, ¢enter) FT mean of folded isitu profiles, (right) FT mean of igitu profiles. The FT
averaging ranged from the surface to 4.06 km asl.
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