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Abstract. In the 2019/2020 measurement campaign at Hohenpeif3enberg (Germany) and Davos (Switzerland) e compar
the well-establisheddobson and Brewer spectrometésigle and double monochromator Brewei)h newer BT Sarray
spectroradiometdrasedsystens in terms ofotal ozone columnTOC) determinationThe aim of this study i® validate the

BTS performane in a longetermTOC analysis ovemore tharone year with seasonal and weather influernites different

BTS setups have been usedfil&xe--coupled entrance optwersion by PMOD/WRC called Koherent and a diffusor aptic
which proved to be simpler iterms of calibratiorfrom GigahertzOptik GmbH called BTS SolaiT he arrayspectrometer
basedBTS systeméave been traceable calibrated\tational Metrology InstituteNMI) andthe-usetloth version®f TOC
retrieval algorithms are based spectral mesurements in the range of 305 nm and 350nstead of single wavelengti
wavelengths pameasurementssfor Brewer or DobsorThe two BTS based systems, however, used fundamentally different
retrieval algorithms for the TOC assessment, wherebgettieval of the BTS solar turned out to achieve significantly smaller
seasonal driftsThe intercomparison showeddaviationdifferenceof the BTS Solar to Breweisd <0.1% with an expanded
standard deviatiotk=2) of <1.5% within the whole measurement caamgn. Koherent showedeeviationdifferenceof 1.7%

with an expanded standard deviatifi=2) of 2.7% mostlygivencausedy a significant seasondkiftvariation Resuting o
summarize the BTS Solarperfermanceperforned is—comparablat a level of te—Brewers at the comparison in

HohenpeBenberg The slant path slope is-lretween double monochromator and single monochromator Brokerent

shows astrongseasonal variatiom Davosdue tothe sensitivityof its ozone retrieval algoritho strat@gpheic temperature
similar-to-the-Dobsonresults

1 Introduction

Atmospheric 0zonkas-beeis definedrecognizedn essential climate variable in the global climate observing system (GCOS)
of the WMO. Careful longerm monitoring of the global ozone layestdl crucial in verifying the successful implementation

of the Montreal Protocol and its amendmei$A) on the protection of the ozone layer, with the eventual recovery of the
ozone layertoprd 9 706s | evel s.

McKenzie et al. (20193howedfor instancehat ro global, statistically significant recovery of the ozone lagek placeyet,

but no further declingvaseitherobserved This alone suggests that longer periods of observation are necdissatgition

Montzka et al. (20183tated that @spite the ban, CFC1 has been released in measurable quantities in Qtiisameans that
not only the control of the expected recovery of the ozone layeglbo the monitoringf-theprotocol for theCFCban are
important task¢Bais et al., 2019)

On the other hand, the effects of the glatiahate change to the ozone layer are yet not completely underéBzoglet al.,
2019;Bais et al., 2018;Bais et al., 2015;Seckmeyer et al., 2018 is arstherargument-whiiurtherobservationwill-be
necessanrequirement for continuing observations

The monitoring of the ozone layer started already in 1826p-theat+—t-h-a-t+——twitmtbe dévelapohentronti®obson
Spectrophotometeras-developed-and-construailedigned and builby Prof. G.M.B. Dobson at the Oxford University
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(Dobson, 1931;Dobson, 1968)The first small network with six stations (Abisko, Arosa, Lerwick, Lindenberg, Oxford,
Valentia) was established in 19286hler and Claude, 2006)o0 measure the total ozone column (TOC). A remarkable
extension of the global network took place since 1957/1958 (International Geophysical Year). In the following decades, up to
130 instuments were produced and employed. The Meteorological Observatory Hddeeteeg (MOHp) of the German
National Weather Service (DWD) started its observations of the ozone layer with ozone sonde (vertical profile of the ozone
up 35 km) and with Dobson Nd.04 (TOC) in 1967/68. Approximately 50 stations with Dobson instruments are still
operational today and submitting data to the World Ozone and UV@atae(WOUDC) in Toronto (Canada). Thus, this

type of spectrophotometer is still a backbone in theajlokone monitoring network, although new, modern instruments like

the Brewer Spectrophotometer have been established in this network sihe8ake

Stateof-the-art array spectrophotometargasuring spectral UV radiati@ne potential candidates for such new instruments

(Egli et al., 2016)Thesehave e.g. the advantage that no wavelength scanning (moving parts) is maedednfcally less

complex systemsDue to strong ozonabsorption between 300 nm and 350, iM®C can be retrieved from spectral direct

sun measurements in the UV band (Huber et al. 199t .same spectral range is used for TOC retrieval from Brewers and
Dobsons(Kerr et al., 1988)However, the advantage of array spectroradiometers iaathattindousspectum is speetral
range-lsmeasuredneasuredt wavelength step increments <0.2 Anstead ofonly diseretea fewwavelength valueasfor

the Brewer(5 wavelengthspr the Dobsons(2-and2x2-wavelengthsrespectivelgingle anl double pair observatiopsThe

larger number of wavelenggh s named here as Afull s p e c four orrfinée wavelengths d e r
approachof the Dobsons or Brewer#-is-expectedOne may assunmihat this additional spectral informatidrom the full

spectrumincreass the reliability of TOC retrievalThe general specifications fepectralglobal solatUV measurements

the TOC relevant barate stated in several guidelipaiblications (e.g.(Seckmeyeet al, 2010; Seckmeyast al, 2001) The
performance of global UV measurements of different commercially availablesgregjroradiometer have been testéthin
arat theintercomparisopresntedin Egli et al, 2016. The results of the global UV intercomparisoBgli et al. 201&howed
that the tested instruments suffered significantly from straylight. In particuféglasolar zenith angles, the UV radiation at
shortwavelengtls between300 nm andaround315 nm are significantly biasedhile the spectral measurements at longer

wavelength are well reproducelilist at low SZA some well characterized and calibrated devices provided acceptable deviation

in solar irradiancén the range of % to the reference.

First instruments using the full spectrum of array spectroradiometer for TOC retrieval are Reledoan et al., 2015nd
Phaeton(Gkertsi et al., 2018)The Pandora system retrieves TOC by spectral fitting of the attenuated spectrum in the
wavelength band between 305 nm and 330Herman et al. (2017yeported an averaged difference of 2.3.2%for TOC

with a relative drift of 0.2%per yearof the Pandora systeio. 34 compared to the NOAA Dobsadxo. 061 in Boulder
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Colorado based on a three years intercomparison. For the compaadomstruments have been corrected for the impact of

stratospheric temperature using their standard ozone absorption cross $éetiDobson was nebrrected foartifactsfrom

straylight However,AD -pair direct sun Dobson observations were used inpasisons with Pandora within the acceptable
range of air masseélat would minimize the impact of strayligblbservationsAdditionally, and-forthe-effect-ofstraylighta
correction has been implemented for the Pandora sysienessing the effect ofraylightefthe Pandeora-system

The Phaeton instrument is a DOAS/MAXDOAS system using the wavelength band between 315 nm and B3 nm.

instrument was characterized for straylight with a tuneable ks&ra straylight correction was appliéthe two-yeas
comparison with aingle monochromator Brewer spectrophotomegeealed an average bias of 1485.86%for TOCusing
the Paur and Bass (198%yosssection at constant temperature of 228Khen including the daily variability of the
stratospheric temperature the differences are reduced te 0.26%.

The BTS array spectroradiometer has been releasedhaftprality assessmermtf quality of aforementioned global UV array
spectroradiometerdEgli et al., 2016)The accuracy and stability of BTS solar global spectral irradieme@surementaere
compared against wedistablished double monochromab@sed system&he-BFShas-been-compared-separately-to-well
i blmonochromtorbasedsystems-in-terms-of solar-global- spectral-irradig@eier et al., 2018aThe BTS

reducesstraylight by filteringoptical radiationfrom longer wavelength with differertiandpasdilters inside the array

spectroradiometer. @to this straylight suppression, the UV index measurements derived from the BTS spectra were within
+1% for solar zenith angles (SZAjnaller thary0°and +3% for SZA between 70° and 88 %Yeference to an NRCC device

(Zuber et al., 2018a)rhe comparison othe BTS solar UV spectravith the referencahowed some biases of up to 586
shortwavelengthatwavelengths shorter th&10 nm forSZA larger than70° (Zuber et al., 2018a)rhese biases may affect

the TOC retrieval using the full spectrum, including short wavelengiidressing this questioZuberet al, 2018bnoteda
deviationof TOC determinatiorof less than 1.5%for SZA smaller thar65°) to other instruments in most situations and not
exceeding 3% from established TOC measurement systems such as Dobson ocaBienweafnia Atmospheric Observatory

in Tenerife At higher SZA the deviation slightly increased for the TOC determinafiois. may be an effect of the remaining
straylight in the wavelength band between 305 nm and 310 nm, which was used during this intercorRpéeisibel. effects

on TOC caused by the raning straylight will be further discussédsed on the results of his study

In this publication weshow thelonger-term (more than one yeaiperformance of BTS based systems concerning TOC

determination in term®f different solar zenith angles, diffat TOC level, seasonal and weather influences in harsh
environment at Hohenpeil3enberg (Germany) and Davos (Switzeftaralperiod ofmore than ongear. Furthermoretwo
distinct different retrieval algorithefrom the BTS Solar and the Koherent systmsm comparednd discussed based on the

results of thidong term intercomparison

2 Measurement campaigninstruments and retrieval

The intercomparison took place in the 2019/2020 measurement campaigime dDeutscher Wetterdienst DWD
HohenpeiRenberg, éémany (altitude: 953 m; coordinates47.8M90 N, 11.018891 E) and PhysikalischMeteorologisches
Observatorium Davo®MOD/WRC), Switzerlandaltitude:1580m; coordinates: 46.81, 9.83 E).

Both stations are part of tli&obal Ozone Monitoring Network 8/MO/GAW (World MeteorologicaDrganisatior Global
Atmosphere Watch) antthe European Brewer Networkt{p://www.eubrewnet.oryy/ The DWD Hohenpeil3enbelgasbeen
the WMO Regional DobsorCalibrationCentrefor Europe (RDCGE) since 1999 andelongsis part ohsGlobal-Statien-to
the GAWnetwork sincel 995 (Kdhler, 2002) The PMODWRC is theworld calibration centre for meteorological radiation

measuring instrumentét HohenpeiRenberthe BTS Solar is congred to the instrumenBobsonNo. 104, BrewemNo. 010

(single monochromatognd BreweiNo. 226 (double monochromatarit Davos the BTS based Koherent is compared to the

BrewerNo0.163(double monochromatar)
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125 2.1 Dobson/Brewers

TodayDobson and Brewepgctrophotometers astill the main instruments the global networkised to monitor the ozone

| ayer | and have been in use.since the 192006s and 1980s

The operationaktandardnstrumentsused at the Hohenf&&nberg Observatorip-measurehe-thickness-of the-czene-layer

are onefield and one referenc®obson spectrophotometer and twWeld Brewer spectrophotometers, both types of

130 spectrophotometer use a similar physical principle. Thegsurehe incoming solar radiation in various spekiirees in the
short UV-B (28071 315 nm and the longer UM range (315 400 nm. Whereas the short wavelengthsadfected by ozone
absorption, the longer wavelengtbager than 340 nrareunaffected by ozone absorption
The Dobson spectrophotometerasares the relative intensity of the solar radiatibweothreewavelengthairs using a
photomultiplier tube (PMT) and a sm@lled optical wedgeDetailed descriptions of tHeobson design anfdinction, the data

135 processing algorithms arlde treatmenand minimizingof special instrumental and atmospheric efféictiernal and external

straylightlike mie scatteringdependence on the effective temperature of the ozoneetayecan be founth a large plurkty
of old, historical and recent literatuDobson relevant papers afzobson (1931)Dobson (1957h)Dobson (1957a)Dobson
(1968) Komhyr (1980) Evans (2008)Staehlin et al. 2008ndVogler et al. 2007 Fhis-optical-wedge-is-shd-by-a-wedge-dial

_longerwavelengthuntil-both-sighals-become-equal—This-means-that the-difference-of-the current

140

145

150

The measurement principle of the Brewer spectrophotometer is similar, as it uses the spectral lines of the solar thdiation in

155 sameUV-range as the DobsoAs the Dobsons, the TOC retrieval with Brewgobtainedwith the double ratio technique of

the wavelength pairasing a slightlydifferent weighting for the individual channelBublications describing the Brewer

Spectrometeare(Kerr et al., 1985;Kerr et al., 1981)he essential differercis that this spectrophotometer measures the

photon countslirectly with a photomultiplieiin each of the usefive wavelengthgor ozone and additionally S@feurfor
Og-one-for SQ)directhy-with-a-photomultipliertuhelhe sam@rocedureof the doubé ratio techniquas with the Dobson is
160 then applied to derive the TOOneadvantage of the Brewer type is its automatic operation using a PC with a special control
and TOGcalculation softwarewhich is h contrasto normal Dobsonghatare manually oprated (egept the Swiss automatic
DobsonsStiibi et al. (2017). However, both methods of measurementanual or automaticieed several minutéBrewer
e.g. allow a single measurement within 8@ands howevertypical 3 mirutesare needed in order to detect cloud influences)
to obtain a reliable value of the TOEhis-temporatconstraintimitsthe-numberof possible-observations-on-days-with-unsettled
165 weatherconditions-anstmovingelouds At this point, t should be noted for comparistimafF the fully automatedBTS




based devices alloweliable measurements within #® 45 secondgdepending on SZA and BTS setuppwever usually an

averaging of 1 min to 5 min is applied in orderdoeive a practicdheamount of data and optimizke signal to noise ratio

Many publications abouhedium andong term intercomparisons between both spectrophotometer types have been published
170 in the past three decadé&err et al. (1988)K° .hler and Attmannspacher (1988%hler et al. (1989)Staehelin et al. (2003)

with a detailed description of function and ozone retrieval algorithms of Dobson and B&sasnato et al. (2010An

important publication on the compatibility of Brewer measurements in Arosa and Davos have been publgbibddial.

(2017) The paper oRedondas et al. (2014dEscribes the effects of the planned introductiones¥ nzone absorption cross

sections(Gorshelev et al., 2013;Serdyuchenko et al., 2@h3the Brewer and Dobson ozone retrievals. The comparison of

175 Dobsons and Brewers with different cresesctions igecentlyperformed at PMOD/WRCGrdbner J., 2021)n addition to

the introduction of new ozorabsorption cross sectiongwather mtential improvemendf Dobson datés the useof effective

absorptim coefficients for each Dobsomhe determinatioand applicatiomf these indiidual absorption coefficient$aking

into account the effective temperature of the ozone layer and individual effective slit functions for each Bastyscently
been invesgatedand discusse(Kohler et al., 2018;R#ondas et al., 2014)

180 The last official calibration services of the Dobson N@®4 with the Regional Standard Dobson No. 064 of the
HohenpeiRenberg RDCE were performed in 2018 and 2019 and confirmedétsy-goodtablecalibration level as the

agreement with the standard was better than 1%

The HohenpeiRenberg Brewers No. 0tnging since 1983) and 226 (running since 2014) handergonea calibration
service in July 2020, done by IOS using the traveling standard Brewer No. 017 (seeZfidurese kind of calibration

185 services have been performed every year in the past B0 yée stability of the calibration levels of both Brewers (differences
to the reference <1%) have been confirmed almost every year, so in 2020 too.

Both systems are still ineqularuse, even though Dobson spectrophotometers are no longer being maadfactarder to

further maintain a dense network of TOC observations worldwide, new automatic, reliable, simple -affécibst systems

have been developed.

190
2.2 BTS Solar
BTS Solar is based on a BTS unit with directly mounted diffusor entranceanpitia tube fofield of view FOV limitation
for irradiance measuremerft®o optical fibre). The device is described and charactefgsgdFOV = +1.4°)n detail inZuber
et al. (2018b)For the TOC determinatian-prircipleafull-leastsquaes minimization algorithrieast-square-algerithin the

195 wavelength range from 305 nm to 350 nm accordinguber et al. (1995¢ould be usetb take advantage of the entire full

spectrumasis used byheKoherent measurement systdiscussed in section 2.Bowever, for the BTS Solaand in conast

to Koherent,we usedeveloppedevelopeda differentTOC retrieval algorithmwhich longterm/seasonal performance
validated-and-within this studywe. in-erderto-validate-itdongterm/seasonalperformanciehe algorithnis alsodescribedn

moredetailin the Zuber et al. (2018b)n summary,he techniqués based on the comparison framo selectedvavelength

200 bands(instead of the entire spectrum as for Koherenthe measured data with a lookup table (Lyfé-calculated by the
libRadtran software package for radiative transfer calcula{omsle et al., 2016)
For the intercomparisomwithin this papettwo adaptiongo previous campaign retrievalgorithm(Zuber et al., 2018)ave
been applied.
First, thetwo wavdength-bands which areonsidered fothe TOC retrieval are adapted to 307 nm to 311 Iigh(ozone
205 absorption) and 319 nm to 324 nlavw ozone absorptigreee Figure 1), which showed to be the most robasnfiguration
for the BTS deviceReason for this choice is that both wavelength bands are withiopticalfilter measuremerdf the BTS
andthe measuremetitme could be further decreased in principle to this single filter measureBetnd an air pessure

correctionfor this retrieval algorithnmas beemtroducedn order to consider the larger differences that can be expected within
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a period ofthe measurement campaighcorrection model has been used sirfee ¢alculation of a different LUT favery

air pressure would be possible liut too calculatiortime extensiveThe standard deviatiok%£1) and-thef the correction

within the whole expected air pressugramicvariability at HohenpeilRenberg <0.8 DU which has beemerived by

comparng the modelwith calculatedLUTs for different air pressuréfor an air pressure range of 870 hPa to 930, ARa

observed at Hoheng&nberga correction omaximum?2.5 DU result). For this purposdijve differentLUTs with different
pressures where aailated and &#est fitmodelfor the pressure correction was determirigis correction has been applied

after the TOC retrieval based on a standard pressure with the actual present air pressure during the measurement campaif
The air pressure data hasam supplied by the DWD.
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Figure 1: Direct irradiance spectra of the lookup table modelled with libRadtran. Thetwo wavebands for the TOC retrieval are
marked with blue (high O3 absorption) and orange (low O3 absorption)

In genery for the calculation of the LUT, the following values for the input parameters have been dbosen
HohenpeBenberg air pressure as stated abpsaa altitude 0B53 m, an atmospheric profile typical fsubarctic (due to the
mountain regionyummerndwinter (transition in April and Octobegjven byAnderson et al. (1986)he ozone cross section
of Paur and Bass (1988helUP crosssections oSerdyuchenko et al. (2018j)e in the meantime also availafdelibRadtran

A sample checbf one day (24.02.2020) results imi#ferenceof 0.4DU when usingBass and Pauor IUP. Finally, the high
resolution QASUMEFT ®&xtraterrestrial spectrum dbrobner et al. (20174¥ used for the libradtran modellingor aerosql
albedo (which has no significant influence to direct solar irradiagiee5Q standard values of libRadtran have been used.
This methodology was appliedith excellent resultfo meastementsat I1zafia Atmospheric Observatory in Tenefdeber

et al., 2018blsing slightly different wavelength for the ozone retrievals. As wafelhe intercomparison in Huelva with
comparable results which ¥®anot been scientifically publisheget The results of this studyith the adopted waskength
show thataretrieval based oa comparison of the LUT0 the measuremeptovidedaccurateesuts for many casegt this
point we want to emphasize that this retrieval methaged on LUTdoes not require any furthéime dependeninput
parameters apart from the current air presddoevever,a more precise and extensive modellgp for each nasurement
individually, would be possible and maybe also needed for some measurementisiteifferent and fast changing
atmosphereHowever, in the libradtran software package further atmospheric profiles are available and can be applied for
other sits (midlatitude summer and winter, subarctic summer and winter, tropicdl@sthndard atmospherémde et al.,
2016) During this campaigrthe mentionegre-definedstandard parameteveere used for the LUBNd were not chamegl
within the whole intercompasdn campaign except for the seasonal atmosphere rgdemer/winter)which was changed

in April and OctoberAt the date of the season change no significant change in TOC retrieval was recoghidebdaluated

air mas factosup to 3.5 No additional correction ddtratospheriozone temperature has been appliedar

The BTS Solar has been calibrafedthis campaigmvith a welkknown spectral irradiance calibration setup in 70 cm distance
at the GigahertOptik ISO 17025 certified calibration laboratorp-K-1504701-00, D-PL-15047170252020. This

calibration showed to be robust and small measurement uncertainties of 2.5% (expanded measurement uncertainty k=2) i

7
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spectral irradiance can be achiey&dber et al., 2018b;Vaskuri et al., 2018jter 6 month a check of the calibration has been
performed, which showed no significant change (differences below the calibration uncefttiatgtandard lampResulting

the calbration has not been changed wittiie whole measurement campaign.

A measurement interval of 2 minutes has been chosen. During the whole measurement crijzgignpdienberg only

16 dayswere affected fronpower breakdowns due to construction watlhe site and an IP server issue/software conflict in

the beginning of the campaign. These are about 3% downtime during the whole cafpiaige.performance evaluation all
measurement data of the whole intercomparison campeggaconsidered. Only nasurements with a standard deviation
errorof 10 DU within five consecutive measurements have been removed since such a large change in TOC within such &

short time interval can only be expected due to instrument malfunction, or cloud movement or v&zAigh

2.3 Koherent
Koherent is based on a fibre coupl®&TS-2048UV-S-F array spectroradiometer. Contrary to the instrument at
Hohenpeenberg, the BT2048UV-S-F is connected tolansbasedmaging telescope, with a field of view of abeaud.6°.
Thetelescope is mounted on a sun tracker on the measurement platform at PMOD/WRC as preEghtaddriGrébner
(2018) The array spectroradiometer is embedded in a temperature stabilized weatfied box keeping the instrumeaia
constant temperatudd (22 + 1) °C through all seasons of the year.
The raw data of the BTS is acquired with a pyteoftwareroutineon an embedded computer inside the box, providing data
with almost no technical failure during the entire campaigme readings are takemith an interval of 1 min for each
measurementJsually, the device needs around 45 seconds for one measurement. HoweveiS2Ahigthe early morning
or late eveningvith low direct sun irradiancetensity, around2 minutes are needed elto increasd integration timeThe
data wasaggregated to a 5 mitesdatapoint, by averaging thandividual data.If the standard deviation of thedividual
measurementwithin 5 minutesexceededlO0 DU, the data was considered as invalitiese smaltime-scale vaiations are
caused by instable atmosphere such as cirrus clouds or noise from the detector at low sun elevations. The criterion of 10 D!
was chosen to remove theses outliers.
The postprocessing was performedlofé with the following steps: a) convertjithe rawcounts of the readings to irradiance
using thelaboratorycalibration, b) wavelength shift correction using the MatShic software developed at PMOOEYRC
2014)and c) retrieving TOC with Bastleastsquars minimization algorithm according tduber et al. (1995andVaskuri
et al. (2018)
The aforementionebbastleastsquars algorithmis using afu-spectral fit in the wavelength range from 305 nm to 350 nm
and an atmospheric model based on the Baarbert law:

O 0OQunta (Eq.1)
"Orepresentshe measuredolarirradiance fom Koherent at the specific wakength_ and"Ois the extraterrestriapectrum
at thetop of the atmosphere. For the retrieval, the QASUMEERtEterrestrialspectrum is applied (Grébner et al. 2017).

The airmasst is important for the attenuation of ozone through the atneysplvhich depends areographical location and

the time of the day and thus on the solar zenith angle during a day and the.sé@smagmass for the ozon@ ( _, aerosol

(a ) and Rayleighd ) optical thicknes$Eq. 2)is calculated using the different profilestbé standard US atmosphere

afglus(NOAA, 1976)separately.
S T« t a T (Eq.2)
} } /e m-isused-. The abserptionattenuationis
summarized by the terrn, indicating the absorptioand scatteringpy ozone, aerosols and RayleighatteringEq. 2. The

absorption cross section by ozois provided by University of Bremen, I{Berdyuchenko et al., 2013jor the retrieval, the
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IUP crosssection at the stratospheric temperature of cons#éit is usedfor the standard US atmosphex&jius The
assumptionsf -45°C, issimilarto-thehe same as used in tstandard Breweprocedure

Finally, the aerosol absorption is parametrized witipectrallylinear parametrizationmodet and the Rayleigh scattering by
the parametrization dflicolet (1984) assuming a constant ground air pressure of 820 hPah@drigher altitude station

Davos).

The advantage of the minimialastleastsquare fit approach is that th&enuation byaerosol optical deptand-theeffect-of
Rayleigh-scatteringreis aretrievedfree fitting parametefor each measured dataring the ozone retrievahd is not rquired
as an input parametegndare-hot-input-parametersfor-theretrie\bte thatozone and aesd optical depthare weakly

correlated, which allowstfing thefree variables by the least squatefgorithm The stratospheric temperature and the height

of the stratospheric layer atarrentlynot retrieved by the algorithas well as S@is not includedin summary, the retrieval
algorithm used fortis comparison, displays a first simple approach to test the performanceabbthestandard settings of

the retrieval methad

The system was calibrated for absolute irradiance at the PW®BD/laboratory facilitie®n 14" and 19" of November 2019
usingfour 2000W FEL lamps on a linear stage at distances of 2.40 m and 18fero helow light-throughput of thdibre-
coupled telescope setup and the sernsitof the alignmenton small angular deviations on the linear sfdbe responsivity
variedresultingin TOC differences of 2.2%€1). An averaged responsivity of the system, which preliminary appeared to be
the best calibration, was used for the calibration of the rawashataesulting TOCfrom Koherentpresented here

In analogy to the compads at Hohenp&enberg, Koherent is compared with the PMOD/WRC double monochromator
BrewerNo. 163. The Brewer is annually calibrated for TOC retrieval by the Regional Brewer Calibration Center Europe
(RBCCE) with an uncertainty of around 1&ompared to treference Brewer of the Calibration CenfBedondas et al.

2019) while the stability of the instrument is operationally monitored on a daily scheétiuesver, an absolute uncertainty

of the BrewemMNo. 163 is not knownDue to this quality and stabiliassurance of the Brewisio. 163 TOC data, the Brewer
No. 163 serves as a reference for the comparison with Koherent in Brevger TOC readings are taken amigegular

schedule, since the Brewer also measures operationally spectral global UV @gadian

3 Results of thelntercomparison

3.1 BTS Solarat Hohenpel3enberg

A special day otheintercomparisoat Hohenpdienberg(July 28, 202Dis presented in Figure Puring this daythe RDCG
E reference Dobson No. 0g#ie Indian Dobson No. 03fhd thdOS BrewemNo. 017for servicemeasuremenipurposesook
additionatyparfoined the intercomparisomhe measuremendf seven instruments (BTS Solar, Dobson Big6, 064 and
104, Brewer No010, 017 and 226) showed a good agreement with differencesdyetll instruments mostly less theto

(see figure?) on this special day. Only at low sun elevations, in the morning the BTS solar and the single monochromator

BrewerNo. 010 showa bias of about 5 DU to the other instruments.
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Figure 2 TOC measurements of the I0S Brewer calibration service on the 28.07.2020 at Hohenpeil3enberg

In the following Figure3 presents twexemplarilyexamples oflaily courses of TOEC which-Oneshows a strongdiurnal
dynamicinFOC-and the highr temporal resolution afre-deviceBTS Solar andBrewess compared to the Dobsohese
data show that the BTS Solar and both Breweaptureaboutthe same TOC variabilitySZA) allew-abeout-the-sameFOC
determination-intime(SZA he Dobson shows tlidorementionedffset in wintetimesseasorand delivers only a few data

pointsfor each day due to its manugierationHowever, the Dobson is alsble to capture atmospheric changes if a sufficient

amount of data is measured (timéerval).

Total Ozone Column (TOC) - HohenpeiBenberg DWD - 25.11.2019 Total Ozone Column (TOC) - HohenpeiRenberg DWD - 07.04.2020
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Figure 3 Two exemplarily days of the intercomparison Onewhiek shows a strong dynamic in TOC within the day.

Sincedifferent devices are compared to the BTS Solar and all of them exhibit their own measuremernniyn@ga3.7 DU
for the BTS, se&askuri et al(2018) we compared alflatain Figure4 relative to theBTS Solar

Figure 4 shows that the histogram of all data is comparable between the Bxew@t0 with a meanleviation of 0.04%
(percental deviation between the devices (e.g. (BreweBII® Solar)/BTS Solar-10nd anexpanded standard deviation
(k=2) of 1.29% and Brewelo. 226 with a mean deviation of 0.06% andexpanded standard deviati(x2) of 1.47%.The
DobsonNo. 104 shows a mean deviation-6f84% and aexpanded standard deviatitkr2) of 2.22%
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Histogram of all data
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Figure 4 Histogram of all Brewer No. 010, BrewerNo. 226 and DobsorNo. 104 compared to BTS Solar data from
HohenpeiRenberg The data shows a comparable performance between Brewdlr. 010 (deviation of 1.29% to BTS Solar)Brewer
| No. 226 (deviation of 1.47% to BTS Solarpnd BTS Solar and awerselarger mean and standard deviationperfermanee-of Dobson
No. 104 (deviation of 2.22% © BTS Solar)

340 In the following Figure 5 the seasonal coursef all TOC data of the complete measurement campaign is illustrated. This
explains the larger deviation of the Dobsbhio. 104 due to the seasonal dependef@ybtbner J., 2021;Kerr et al.,
1988;Scarnato et al., 2010;Staehelin et al., 2003;Vanicek, ZD@&ploFigure5 also shows the comparalitendreailts of
the Brewers and BTS Solasince theleast-square ft of the full datais within £1% eTOC deviation wer the whole
measurement campaign.
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Total Ozone Column (TOC) Deviation - HohenpeiBenberg DWD - September 2019 to Decembert 2020
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Figure 5 Full measurement campaign TOC plot from Hohenpeif3enberg. This plot shows the seasonal dependency of the Dobson

| No. 104 but it shows also the comparabléeemporal courseof the Brewers and BTS Solamvhich is expressed by théeastleast
squarefit deviation of less thant1% over the whole campaign.

350 Figure6 shows the TOC slamtathdeviation(slant path =TOC-AMEF) of the BrewemNo. 010 (single monochromator) and

BTS Solar compared to the Brewgo. 226 (double monochromator). THigure is a measuref the TOC evaluationvith

respect tair mass factor (AME)AMF is dependent on the solar zenith angle (bdye to the longer attenuation path through

the atmosphere at high SZA and the deviations should ideallydbpendent othis factor As illustrated the BTS Solas

less dependemin theslantpathas the BreweNo. 010(slope-0.00174 %/DU-AMF)but asmall dependency (slop@.00056
355 %/DU-AMF) is recognizable compared to Brewiéw. 226.
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TOC Slant Plot - HohenpeiRenberg DWD
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Figure 6 The TOC Slant plot for BTS Solar of all datashows a smaller air mass factor (AMF) dependency than the single
monochromator Brewer No. 010 for the BTS Solar.Linear fits are used.

3.2 Koherent

360 Figure7 presents exemplary daily courses of T@@mn Koherentand Brewer 163luring the winter dayof 2" of February

365

370

375

2020 and the summer day off2July 2020 respectiely.

Total Ozone Column (TOC) - Davos PMOD WRC - 27. July 2020 Total Ozone Column (TOC) - Davos PMOD WRC - 09. February 2020
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Figure 7 Two exemplarily daysof Koherent vs. BrewerNo. 163 in winter and summer seasofime. These days illustrate the high
temporal resolution of Koherent andshow the seasonal dependency thfe deviation.

One can see thahe daily variation is well reproduced by Koherentith a high temporal sslution and its temporal
developmenis in line with thevaluesof BrewerNo. 163. However, there isn absolute biasf TOC of around-10 DU

compared to Brewer 168epending onhie season. Iminter seasotime Koherent shows a larger offset thansmmmer

seasotime, where the values are almost congruent

Figure8 shows the temporal course of ttedative difference of TOC values between Koherent andagréNo. 163 during

the entire comparison peridmtweenlstof October 2019 and 30of December 202Q(KoherentBrewer163)/Brewer163).
Theleast-squarefit in the figure reveals clearly the seasonal dependencypdd 4% ofthe differences through theasons.

The differences are abot8% in summegeasofime andabout +1% in winteseasotime in respect of the fit in figur8.

Figure9 presents the histogram of all synchronous data of the difference of Koherent and theNBrel&. The histogram
of the percental differences of TOC reves& systematic overestimatiafiby Koherent of a meanaveragef 1.64% during

the entire period, withraexpanded standard deviatioh about2.7% (k=2). This variation reflects mainly theeasonal
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variation-ever-the-seasensariablity and less the measurement error of the system, whiahsismed to bé-the-order

agomparable tdor the BT SSolar systenisee section 3.1)

In order to compare the slant path dependency of the instrufignte 10 demonstrates thpercentaldeviation of the
380 differences as a function of tlizoneslant path, defined as the multiplication of #elIF and TOC.Figure 10 axhows a

strong ozoneslant path dependency with a stopf -0.0033%/TOC AMF than is observedwith Koherent For further

comparison, the slant path dependenageterminednly-for the summer month of JuB020only (Figure 10 b)) with air

masses betweehl and3.4 and stratospheric temperatures ranging from 2B0@ 231.1K. The slopeof the linear fitof -
0.0015%/TOC-AMF indicates that the slant path dependency is significantly loweiftin the entire periodzigure 10 b) also

385 include a polynomial fit of degree=2§adrati¢, highlighting thatfor slant path®elow 800 DU theslantpathdependency
shows almost no tren&or higher slant pathbpwever the differences ariacreasing.

390 Figure 8 Temporal course of the relative differences of Koherent and Brewéto. 163 during theentire period of comparison.The
dashed line shows #east-square fit of the data

|395 Figure 9 Histogram of the relative differences of Koherent and BreweilNo. 163. The mean difference between both instruments is
1.64% revealing a clear bias of TOC.The standard deviation k=2) of 2.724%, reflects the seasonal variation of the deviation.
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