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Abstract. An intercomparison of different radiometric more complex within+-8% and—4% with increasing de-
techniques measuring atmospheric photolysis frequenciesiations towards larger solar zenith angles for the SM-SR.
j(NO,), j(HCHO) andj(O'D) was carried out in a two- The direction and the magnitude of the deviations were de-
week field campaign in June 2005 étidh, Germany. Three pendent on the technique of background determination. All
double-monochromator based spectroradiometers (DM-SR);(NO2)-FR showed good linearity with single calibration
three single-monochromator based spectroradiometers witfactors being sufficient to convert from output voltages to
diode-array detectors (SM-SR) and seventeen filter radiome;j(NO,). Measurements were feasible until sunset and com-
ters (FR) (tenj(NO,)-FR, seven;j(O!D)-FR) took part in  parison with previous calibrations showed good long-term
this comparison. Forj(NO,), all spectroradiometer re- stability. For thej(O'D)-FR, conversion from output volt-
sults agreed withint3%. For j(HCHO), agreement was ages to;j(O'D) needed calibration factors and correction
slightly poorer betweer-8% and+4% of the DM-SR ref-  functions considering the influences of total ozone column
erence result. For the SM-SR deviations were explained byand elevation of the sun. All instruments showed good linear-
poorer spectral resolutions and lower accuracies caused hyy at photolysis frequencies exceeding about 10% of maxi-
decreased sensitivities of the photodiode arrays in a wavemum values. At larger solar zenith angles, the agreement was
length range below 350 nm. Fg(O!D), the results were non-uniform with deviations explainable by insufficient cor-

rection functions. Comparison with previous calibrations for
Correspondence tdB. Bohn
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some; (O'D)-FR indicated drifts of calibration factors.
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1 Introduction e.g. for many complex carbonyl compounds formed as inter-
mediates in atmospheric VOC degradations. The accuracy
ACCENT (Atmospheric Composition Change — The Euro- of photolysis frequency measurements based on Baid-
pean Network of Excellence) is a European joint researctpends on both accurate spectral actinic flux and molecular
programme Ifttp://www.accent-network.org/ An integra-  parameters. However, the uncertainties of the molecular pa-
tion task within this project is the quality assurance of mea-rameters are not the scope of the present work. Previous
surement techniques used in field campaigns. The currerfield measurement studies combining chemical actinometry
work is part of this activity and concerned radiometric mea- and spectroradiometry have pointed to errors in molecular
surements of atmospheric photolysis frequencies. parameters (e.dMiiller et al, 1995 Shetter et a).1996 but
Atmospheric chemistry is controlled by the formation of they can only be quantified through laboratory studies. The
highly reactive radical species in photolysis processes. Thesguestion addressed in this work was if different instruments
radicals initiate complex chain reactions, e.g. the degradaand measurement techniques produce consistent photolysis
tion of many trace gases released into the atmosphere by afrequency results based on common sets of molecular param-
thropogenic, biogenic and geological processes Ehbalt eters.
1999 Jenkin and Clemitshav2000. Photolysis frequencies  Technically, the radiometric measurement of actinic flux
are first-order rate constants quantifying the rate of photoly-requires receiver optics reproducing the geometric recep-
sis processes, i.e. of primary radical production. It is theretion characteristics of molecules in the gas-phase, namely
fore important to perform reliable measurements of photoly-an angle-independent sensitivity over a & (or 4 sr)
sis frequencies with accurate techniques, in order to improveolid angle field of view flofzumahaus2006. This can
our current knowledge concerning the atmospheric photobe achieved by frosted quartz or teflon domes combined
chemistry. with horizontal shadow rings limiting the field of view to
A summary of available techniques of photolysis fre- one hemisphere. The collected radiation is then guided to-
quency measurements in the atmosphere was given in recemfards dispersive elements dependent on technique as de-
reviews byClemitshaw(2004 andHofzumahau$2006. Al- scribed briefly in the following.
though there are absolute chemical methods available (chem- Spectroradiometers (SR) measufg as a function of
ical actinometry), radiometric measurement techniques arqvavelength. Spectral resolutionsssf nm are generally suf-
most common for reasons of convenience and versatilityficient for measurements aiming at photolysis frequencies.
The radiometric approach of photolysis frequency determi-However, this is not a strict rule and depends on the wave-
nations is based on measurements of solar actinic radiatiofength range, the photolysis process and the desired accu-
either spectrally resolved with spectroradiometers or inte-racy Hofzumahaus et g11999. Spectroradiometry is the
grated over selected wavelength ranges with filter radiomemost versatile approach because any photolysis frequency

ters. The relationship for a photolysis reaction can be calculated from th&, spectra ifoa andgg in Eq. )
are known. There are two principal methods of spectrora-
A+hv — B(+ products (1) diometry utilised for atmospheric measurements. The first

method uses double monochromators for wavelength sep-
aration and successive measurements with single detectors
(e.g. photomultipliers) upon scanning the wavelength. This
JA— B)sz Fy.on ¢s d1. (2)  concept will be denoted DM-SR in the following and is ex-
cellent for stray light suppression which is important in the
The notationj(A—B) is often abbreviateg(A) or j(B) UV-B range (e.g.Shetter and Mller, 1999 Hofzumahaus
dependent on contexti(NOy) and j(O'D) are well known et al, 1999. Drawbacks are the comparatively long time pe-
examples for these abbreviations (see Bgand5 below). riods to complete the wavelength scaprs30 s) and the use
F, is the spectral actinic photon flux density (denoted spec-of motor-driven optical components which may cause stabil-
tral actinic flux in the following)oa is the absorption cross ity problems under field measurement conditions. The sec-
section of the reactant molecule A, apd is the quantum  ond method uses single monochromators and detector arrays
yield of the photo-product B. These quantities are depen<{e.g. photodiode arrays) for simultaneous measurements cov-
dent on wavelengtih and consequently the integrations in ering the whole range of relevant wavelengths. This concept
Eq. (2) are covering wavelength ranges where the productwill be denoted SM-SR in the following and has the advan-
F,oa¢#£0. In the troposphere photolysis processes mainlytage of high time-resolution and stability because no mov-
proceed in the wavelength range 2904420 nm. Impor-  able parts are involved. These are important requirements for
tant exceptions are the photolysis of N(@20-640 nm) and example for aircraft measurements (elackel et al. 2005
the photolysis of @in the Chappius band (440-850 nm). Stark et al. 2007. Drawbacks are insufficient stray-light
For major atmospheric photolysis processes the moleculasuppression and cross-talk within the detector arrays limit-
parametersa andgg are known from laboratory work. Sig- ing accuracy in the UV-B (e.danaya et a].2003 Edwards
nificant uncertainties still exist for less abundant compoundsand Monks 2003 Jackel et al. 200§. With both types of

is given by the following equation:
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Table 1. Overview of contributing institutions, acronyms, and instruments: Double-monochromator spectroradiometers (DM-SR), single-
monochromator spectroradiometers (SM-SR) and different types of filter radiometers (FR). Plus signs (+) indicate a further, similar instru-
ment.

Institution DM-SR SM-SR J(NO)-FR j(OD)-FR
Forschungszentruniilich FzJ FZJ-SR1+SR2 FZJ-SR3 FZJ-FRIFR® FZJ-FR3 +FR4
Deutscher Wetterdienst DWD — DWD-SR DWD-FR? DWD-FR2 + FR3
University of Leicester ULI - ULI-SR ULI-FR1 ULI-FR2
University of Crete UCR — — UCR-FR1 UCR-FR2
Max Planck Institute for Chemistry MPIC — — MPIC-FR1 + FR2 —
University of Heidelberg IUP IUP-SR — — —
University of Leeds ULE — — — ULE-FR
Imperial College London ICL — — ICL-FR? —

Paul Scherrer Institute PSI - - PSI-FR? -
Metcon GmbH MET — — MET-FR —

& 47 srinstruments with two oppositen2sr receiver optics

spectroradiometers), measurements can be made on an ab-high time resolution (1s). The disadvantage of filter ra-
solute scale because calibrations are feasible with irradiancdiometers is that only photolysis frequencies of a single reac-
standards that can be traced to national standards. Howevdipn are obtained with limited potential to deduce other pho-
in this procedure the properties of the actinic receiver op-tolysis frequencies.
tics must be taken into accouriigfzumahaus et g11999. The purpose of this work was to bring together various
Moreover, actinic flux under atmospheric conditions can betypes of instruments from European groups for an in-field
greater by two orders of magnitude compared with typicalcomparison of photolysis frequency measurements. There
calibration conditions in the laboratory, i.e. there are highwere several objectives. Firstly, to compare independently
demands on linearity and dynamic range. calibrated spectroradiometers under atmospheric conditions.

Filter radiometers (FR) use combinations of optical fil- Secondly, to assess the performance of SM-SR in particular
ters and detectors instead of monochromators to measure for measurements in the UV-B, i.e. fgfO'D), by compar-
integrated over expanded wavelength ranges. The relativeson with a DM-SR reference. Thirdly, to provide a com-
spectral sensitivities are chosen to closely match those ofmon spectroradiometer reference for the calibration of filter
the productsagp in Eq. (2) for a selected photolysis reac- radiometers.
tion. Ideally, the FR outputs are then proportional to the cor- Besidesj(O'D) and j(NO,) in this work we will ex-
responding photolysis frequencies and absolute calibrationamine the atmospherically important photolysis frequencies
can be obtained from in-field comparisons with reference in-j(HCHO)y, and j (HCHO), of methanal (formaldehyde) pho-
struments, e.g. spectroradiometers. tolysis:

From the point of view of atmospheric chemistry, nitro-
gen dioxide photolysis and ozone photolysis in the Huggins

bands are of particular importance because they form promi-HCHO+hv(A<355nm — Hy>+CO (7)

nent species in secondary reactions, namely ozone: HCHO+hv(A<335nnm) — H+HCO (8)

NOz+hv(2<420nm —> OCP)+NO 3 The indicesn andr stand for the molecular (Reactiah
O(3P)+02+M — O3+M 4) and the radical channel (Reacti@h respectively. (Reac-

tion 7) is the main source of atmospherig kvhile (Re-
action 8) is an important primary source of H(because
1 both radical fragments quantitatively form H@nder tro-
03+hv(A§3401nm — O(D)+0 ®) pospheric conditions. Spectrally HCHO photolysis falls be-
O(D)+H20 — 20H (6) tween those of @ and NQ. Nevertheless, the measure-
Consequently, filter radiometers were designed to specifMent of HCHO photolysis frequencies with spectroradiome-
ically measure the photolysis frequencigdNO,) (Reac- ters is difficult because the HC_:HO absorption spectrum is
tion 3) or j(O'D) (Reaction5) (Junkermann et 311989 cpmposed of sharp pgaks requiring measgrements w!th suffl-
Volz-Thomas et a.199. The main advantage of filter ra- cient spectral resolutlo_n_s. Other photoly5|s frequenmes will
diometers is that the instruments are light-weight and easy'©t P addressed specifically but this does notimply they are

to handle making them ideal for routine measurements with4nimportant.

and OH radicals:
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LT T 350 mm diameter horizontal shadow ring. Radiation was de-
1.0F M 4 L ; i tected with a UV sensitive photomultiplier (EMI, 9250QB).
o8k i 1 L § i The setup was described in detail bjofzumahaus et al.
ot T eonm 1t e, ] (1999. Here we give additional or updated information on
N 06 +—+ 420 nm 1 [ +—+ 420 nm i this instrument to justify its use as a reference.
0.4f — ideal 4 F — ideal . Spectral sensitivity calibration was made with a PTB
02l 1L ] traceable 1000 W irradiance standard (Gigahertz-Optik, BN-
ool 1 71 ] 9101). 45W secondary standards (Optronic) were used
12 to check the stability of the instrument during the cam-

1oL paign which remained stable to 2%, independent of wave-

— ] length. Wavelength offsets at positions (air) 296.728 nm,
= 08 ] 334.148 nm and 407.784 nm were checked regularly using a
-% 06 ] low-pressure mercury lamp (Oriel, 6035). In five of these
N o4l i checks between 25 May and 14 June 2005 minimum and
r maximum offsets 0~0.02 nm and+0.03 nm were found.
0.2+ - . e
ool For a given wavelength these offsets were stable within
" 790 60 30 0 30 60 90 90 60 30 0 30 60 90 +0.02nm. This stability was achieved by temperature-

stabilising the double-monochromator to abeitK. Wave-
lengths steps and spectral resolution (FWHM, full width at

Fig. 1. Upper panels: Relative respongg of the reference instru- half maximum) were set to.l nm. A_scannlng rangg 280-
ment receiver optics as a function of polar angle and wavelength#20 nm was selected resulting in typical scanning times of
The two plots show the dependencies for two perpendicular orien@bout 90s. Total measurement times for spectra including
tations with respect to azimuth angles. Lower pangjsfrom the ~ background determinations were about 110s.
upper panels multiplied by sifij indicating the relative weight for The angular response properties of the optical receiver
an isotropic sky radiance distribution of the upper hemisphere. of FZJ-SR1 were tested in the laboratory as described by
Hofzumahaus et a{1999. Generally, these properties were
different for each optical receiver and optimised by thorough
2 Experimental alignments of internal parts. The upper panels of Hig.
show the relative responsé, as a function of polar angle
Tablel gives an overview of participating groups and instru- () for three wavelengths within the scanning range. In the
ments. Most groups operated one filter radiometer (Univer{ower panels of the same figure these data were multiplied
sity of Leeds (ULE), Imperial College London (ICL), Paul by sin@) to demonstrate the effects of tifg functions on
Scherrer Institute (PSI) and Metcon GmbH (MET)), two sim- actinic flux reception assuming a hypothetical isotropic sky
ilar filter radiometers (Max Planck Institute for Chemistry radiance distribution. For comparison the black lines in both
(MPIC)) or a pair of different filter radiometers (University panels illustrate the ideal behaviour.
of Crete (UCR)). Moreover, except for MET these groups The lower panels of Fidl can be rationalised by the rela-
had no independent means of calibration with a reference intjon between spectral actinic flux and spectral radiange: (
strument. University of Heidelberg (IUP) operated a DM-
SR. Deutscher Wetterdienst (DWD) and University of Le- 2w i
icester (ULI) operated both SM-SR and pairs of different FR. FAO‘)ZfO /0 Ly(, 9, ¢) sin(@) dd dg ©)
These two groups had their own irradiance standards which
were used for independent calibrations. Forschungszentrum Assuming an  isotropic  radiance  distribution
Julich (FZJ) provided the DM-SR reference and also oper-(L,=constant), the measured spectral actinic flux is
ated SM-SR and pairs of different FR. In the following sub- proportional to the integrals underneath the curves in the
sections the different instrument types will be briefly intro- lower panels of Figl. This demonstrates that for diffuse
duced and technical aspects of the intercomparison will beadiation the receiver characteristics at large polar angles are
addressed. The reference instrument will be described itvery important also considering unintentional reception of

0/ deg 0/ deg

more detail than the others. up-welling radiation.
Under conditions with low ground albedo up-welling ra-
2.1 DM-SR and reference instrument diation can be neglected and the ratidg of the inte-

grals (measured/ideal) under thgsin(¥) curves in a range
A DM-SR by FZJ was selected as a reference (FZJ-9<90° can be used to quantify the deviation caused by
SR1). The instrument was assembled from a doublethe non-ideal angular response characteriskics{umahaus
monochromator (Bentham, DTM 300), a 10 m quartz fibre, et al, 1999. Figure2 shows the corresponding correction
a 30 mm diameter quartz receiver (Metcon GmbH), and afactors 1Zy as functions of wavelength. These factors are
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close to unity and independent of wavelength in a range be-
low 450 nm and therefore no correction was applied. Of
course, under atmospheric conditions diffuse sky radiation
is not isotropic and the contribution from direct sun is scaled -
by the receiver byZ(SZA) (SZA=solar zenith angle). Nev- N
ertheless, the deviations were estimated to remain within 2%
under typical conditions during the current campaign. Nu-
merical tests showed that the correction factors exhibited lit- ' ‘ ‘ ‘ ‘ ‘ ‘
tle dependence on the angular radiance distribution. More- 350 450 550 350 450 550
over, the contribution of direct sun generally diminishes with A/nm A/nm
fjecreasmg solar elevation whep(SZA) drops significantly Fig. 2. Correction factors Xy for isotropic sky radiation from the
in arange SZA 80°. . . upper hemisphere as a function of wavelength. Left and right panels
It should be noted that under conditions where up-welling ¢qrrespond to left and right panels in Fig respectively. Variations
radiation is not negligible the situation is more compleX. at short wavelengths were caused by low signals from laboratory
In particular 4z sr aircraft applications with two optical re- lamps. The full lines show a fitted mean dependence considering
ceivers covering opposite hemispheres need extended con# measured data.
siderations for two reasons. Firstly, SZA and polar an-
gles may differ during flight manoeuvres unless technical
equipment ensures compensating movements of the receivefg'rm"’m.Ce towards large polar angles was compen;ated by a
(Jackel et al.2005. Secondly, measures to minimise cross correcthn_ factor 1£=1.03 for the receiver measuring the
talks to the opposite hemispheres are complicated by restridotal agtlmc flux. Because of cq—channel operation measure-
tions to the size of horizontal shadow rings for aerodynamicment times of FZJ-SR2 were increased to about 135s per
reasons. In principle the receivers should be selected angPectrum.
adjusted to obtain optimumzsr response. However, this ~ The DM-SR of University of Heidelberg (IUP-SR) was
imp”es that up- and down_We"ing radiation may not be ac- assembled from a double-monochromator (Bentham, DMc

curately separable. Examples for aircraft applications of ac150), @ 3m quartz fibre, a hemispherical PTFE (teflon) re-

tinic flux receiver optics can be found elsewhere (¥gz-  ceiver (10mm diameter), and a 100 mm diameter horizon-
Thomas et a).1996 Hofzumahaus et al2002 Shettereta).  tal shadow ring. Radiation detection was made by a cooled
2003 Jackel et al. 2005. (263 K) photomultiplier tube (Bentham, DH-10-Te). A scan-

Total accuracy of the spectral actinic flux measurementdling range 250-600nm and a FWHM of 1nm was used.
of the reference instrument was estimated 5-7% based on th&/avelength steps were 5 nm in the range 250-280 nm (back-
accuracy of the irradiance standard, the calibration procedurground measurement), 1 nm in the range 280-450 nm and
and the uncertainties regarding the angular response prophm in the range 450—-600 nm. This scheme resulted in scan-
erties of the optical receiver. FZJ-SR1 participated in twoning times of about 6 min. Wavelength calibration was per-
previous international intercomparison campaigns for specformed with a low pressure mercury lamp and wavelength
tral actinic flux measurements, namely IPMMB4(js et al, offsets were considered in the data analysis. Spectral sensi-
2003 and INSPECTROThiel et al, 2008. In these com- tivity calibration was made directly after the intercomparison
parisons agreement within 5-10% was obtained with othewith the same irradiance standard as used for the reference
absolutely calibrated spectroradiometers consistent with acinstrument. As for the other SR described above, an accu-
curacy estimates. racy of 5% was estimated for this calibration. However, the

A second DM-SR of FZJ (FZJ-SR2) was operative which angular response properties of the teflon receiver optics of
measured with two receiver optics simultaneously. The set!UP-SR were found to be unsuitable with sensitivities de-
up was similar to the reference instrument but the total slitcreasing significantly towards larger polar angles. As a first
height of the double monochromator was used for two sep-aPproximation this was compensated by a correction factor
arate optical paths. One channel measured the total sped/ZH=1.52 in the data analysis again obtained assuming an
tral actinic flux, the other measured the contribution from isotropic angular distribution of sky radiance. The additional
diffuse sky radiation by obstructing direct sun with an addi- uncertainty associated with this correction was estimated 0—
tional shadow ring. More details on this technique can be20% dependent on conditions, i.e. presence or absence of di-
found elsewhereBohn and Zilken 2005. In the present rectsun, SZA and wavelength range.
work the measurement of diffuse sky radiation merely served A further, more general problem of teflon receivers should
as a charaterisation of ambient conditions regarding the prehe mentioned here. A phase transition of the PTFE material
ence and contribution of direct sun. The calibration proce-at around 292 K was reported to change the transmittances of
dure, scanning scheme and wavelength stability were similateflon diffusers by about 3%(ianttila and Schrede20095.
to the reference instrument. Angular response characteristickhis may have affected spectral sensitivities of IUP-SR. Be-
were close to those shown in Fify. A slightly poorer per-  cause this potential problem was unnoticed at the time of the

www.atmos-chem-phys.net/8/5373/2008/ Atmos. Chem. Phys., 8, 53932008
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campaign temperature data were not recorded during medance by scaling factors from a wavelength ranpgt0 nm

surements and calibrations. We therefore estimate a furthewhere good signal-to-noise ratios were obtained at both dis-
5% uncertainty for the measurements of IUP-SR. Total un-stances. The accuracy of these calibrations were estimated
certainties may thus cumulate to 10—-30%, dependent on corb% above 400 nm and 6—-10% in the UV range, generally de-

ditions. creasing with decreasing wavelength for DWD-SR and FZJ-
SR3.
2.2 SM-SR Calibrations also included measurements with and with-

out cut-off filters at 320 nm (Schott, WG320) to quantify the

The SM-SR by University of Leicester (ULI-SR) was de- level of stray-light in the range 280-320 nm and to investi-
scribed in detail byEdwards and Monk§2003 andMonks  gate the cross-talk within the diode arrays. The latter typi-
et al. (2004. Briefly, the instrument was composed of cally led to slightly increasing signals upon approaching the
a quartz receiver as described above, a ceramic singleut-off wavelength of the filters in a range where the trans-
monochromator (Zeiss) and a 512-pixel photodiode arraymittance of the filters was negligible. Atmospheric spectra
(Hamamatsu, S3904). The set-up was developed by Metcowere therefore treated as follows: After subtraction of elec-
GmbH and contained in a water-tight aluminium housing for tronic background obtained in the dark, the derivative of the
outdoor operation. The ceramic housing of the monochro-signal with wavelength was calculated averaging over 3-5
mator ensured excellent wavelength stability with regard toneighbouring pixels. A minimum positive gradient was then
temperature variations specified as B4 nm K~1. With defined as significant marking the actual onset of the atmo-
a step-size of 0.83 nm/pixel measurements were feasible bespheric spectrum. At this wavelength the offset was deter-
tween 280 nm and 700 nm. However, data analysis was cormined and subtracted at all wavelengths. Data from wave-
fined to a wavelength range 280-450nm. A 1000 W NIST lengths below this starting point were neglected.
traceable irradiance standard (Oriel) was used for calibration Up to four different integration times between 0.5sand 5s
under laboratory conditions. The accuracy of the calibrationwere utilised to measure in different spectral ranges, e.g. 1s
was estimated 8% in the UV-A and 9% in the UV-B range, in- in the UV-A and 5's in the UV-B range, dependent on condi-
cluding uncertainties associated with the quartz receiver butions. Final spectra were then assembled to obtain maximum
not considering any stray-light effectSqwards and Monks  integration times for all wavelengths without saturation. This
2003. Wavelength offsets and slit functions were obtainedresulted in typical measurement times of about 12 s (DWD-
using Na and Hg atomic line lamps. Atmospheric measure-SR, four integration times) and 8 s (FZJ-SR3, two integration
ments were made with a fixed integration time of 1s. Spectimes) for a single spectrum. These data were saved without
tra were then averaged over 1 min periods. Background sigfurther averaging.
nals (electronic and stray-light) were determined in a range
285-290 nm where atmospheric radiation at ground level wag.3 j(NO)-FR and;(O'D)-FR
negligible. These background signals were subtracted at all ) )
wavelengths. The instrumental setup an(_j propgrtlesjcQNOZ)-FR and

DWD-SR and FZJ-SR3 were similar in construction repre-j(OlD)'FR were described in detail byolz-Thomas et al.
senting slightly modified versions of the ULI-SR instrument (1999 and Junkermann et a_(.1989,. respecuvely: Briefly
mainly regarding the housings provided by Metcon GmbH._30 mm diameter quartz receivers with 140 m.m.d|ameter hor-
FWHM and wavelength offsets were obtained by measuringZzontal shadow rings were used forr radiation collec-
emission lines from low pressure mercury lamps. FWHM of tion- For the j(NO>)-FR, combinations of bandpass and
DWD-SR was about 2.3 nm (manufacturer) with wavelength CUt-Off filters (Schott) were used for the wavelength sep-
offsets ranging between 0.06 nm at 297 nm and 0.01nm afation and phototubes (Hamamatsu, R840) for radiation
546 nm. The FWHM of FZJ-SR3 was about 1.7 nm and detection. j(O'D)-FR used narrow-band interference fil-
wavelength offsets ranged betweed.01 nm at 297 nm and 167 ¢max300 nm, FWHM=10nm, Schott) and solar-blind
—0.05nm at 546 nm. Calibrations were made with the samd?hotomulltipliers (Hamamatsu, R759). These components
irradiance standard as for the reference instrument (FJ) anfy€ré assembled in water-tight aluminium cylinders for out-
with a further NIST traceable 1000 W standard (Optronicsd00r operation. The cylinders were equipped with cells for
Laboratories) (DWD). The calibration procedures were per-drying agents to ensure proper operation of optical and elec-
formed in two steps accounting for the low sensitivities of ONiC components. The instruments of this campaign rep-
the diode arrays in the UV range and the low outputs of the'esented various versions of commermgllylavallable setups
calibration lamps. Calibration measurements were made &Y Metcon GmbH. High voltages of th{O"D)-FR were
standard (70 cm) and reduce30 cm) distances between checked before and after_the campaign. The final outputs
the lamps and the optical receivers. At the shorter distanceY€r¢ analogue voltages in a 0-10V range that could be
spectral calibrations were obtained on a relative scale bufecorded continuously.
with improved signal-to-noise ratios. The corresponding rel-
ative sensitivities were then transferred to the regular dis-
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0.0

J(NO2)-FR were available in the form of 2sr instru- 15 s —
ments and 4 sr instruments with two opposites2sr re- 10 June 11 June 12 June
ceiver optics. After half of the campaign the latter instru- 10 1r 1r ]
ments were rotated by 18Qo obtain calibrations for both
sides. 05 1r 1r ]

Accuracy estimates for filter radiometers are difficult be-

cause they depend on the accuracy of the reference method 0'00 6 12 18 240 6 12 18 240 6 12 18 24
us_ed for calibration. Moreover, instrument specific Iong-term time of day (UTC)

drifts or spectral response properties may lead to time and

condition dependent uncertainties (see S&&for more de- Fig. 4. 1-min averages of global shortwave radiation (solar irradi-

tails). ance) during the 2005 measurement campaign (blue). The strong
variability indicated mostly cloudy conditions. The red line shows
2.4 Campaign location and conditions clear sky data from 12 June 2006 for comparison.

The intercomparison was conducted on a roof platform aighowed strong variability caused by clouds. Unfortunately,
Forschungszentrumulich (50.91N, 6.41E, 110m as.l) ¢jear-sky conditions were rare during the measurement pe-
during the period 1 June-12 June 2005. The campaign P&ioq. For comparison clear-sky data observed on 12 June
riod was selected to cover the maximum range of solar zenith g are plotted in Figt. This comparison shows that occa-
angles possible for this latitude, i.e. SZ&7. The plat-  gjonally solar irradiances were significantly greater than un-
form provided virtually full view of the upper hemisphere yo clear-sky indicating broken-cloud conditions where re-
(~97%). Figure3 shows a photograph of the platform taken fjections on clouds led to enhanced irradiances. On the other
during the campaign. The roof underneath the platformpang clouds effectively reduced solar irradiances when the
was covered with black roofing fabric and the building was ¢,'s disc was blocked. Overall the campaign period appar-
mainly surrounded by trees exhibiting low reflectivity in the ently offered the desired dynamic range of natural insolation

UV. This limited local up-welling actinic flux. Mutual influ-  ~nqitions albeit superposed by rapid changes.
ence of instruments mounted at the same level at distances

>25cm was estimateet0.3%. Underneath the platform a 2.5 Timing and data handling

laboratory was arranged housing DM-SR, FR power sup-

plies, data loggers and control computers. Recording of analogue FR data was made with a common
In Fig. 4 measurements of global shortwave radiation data logger (Disys, PCI-13) provided by FZJ except for

(A<3um) during the campaign period are plotted. Thesethe two instruments by ULI for which 1 min averages were

data were obtained with a pyranometer (CM7, Kipp-Zonen)recorded separately. For all the other FR data, recording

and correspond to the solar radiant energy flux density inciwas made with a time resolution of 1s and 5s averages

dent at a horizontal surface (solar irradiance). The data repwere saved. The clocks of the computers controlling the

resent a fundamental meteorological quantity used here t&ZJ data logger and FZJ spectroradiometers were network-

characterise the measurement conditions. Solar irradiances/nchronised. After initial synchronisation the DWD-SR

www.atmos-chem-phys.net/8/5373/2008/ Atmos. Chem. Phys., 8, 53932008



5380 B. Bohn et al.: ACCENT photolysis frequencies

Table 2. Ratios j/jret Of photolysis frequencies calculated from simulated TUV 4.3 clear sky solar actinic flux spectra. The reference
spectrum was simulated for 1 June 11:20 UTC (noon) with a wavelength resolution of 0.1 nm. Photolysis frequencies were calculated using
Eqg. (L0). jref Was obtained usingA=0.1 nm. Thej were calculated after imposing different spectral resolutions (FWHM) to the reference
spectrum and using experimentah and two methods of numerical integration. Method 1: re-interpolatiof,ofpectra to a 0.1 nm
wavelength grid. Method 21 x ¢ averages over FWHM wavelength ranges (see Settl).

DM-SR: FWHM=1.0nmAA=1.0nm SM-SR: FWHM=2.0 nmi1=0.83 nm

process method 1 method 2 method 1 method 2
J(NOy) 0.999 0.999 0.999 0.994
J(HCHO)m 0.982 0.984 0.971 0.963
j(HCHO) 0.981 0.984 0.969 0.956
j(OlD) 1.010 1.008 1.025 1.015

computer clock remained within 2s compared to FZJ. Thewas calculated using a radiation transfer model (TUV 4.3 by
drifting time-shifts of two further computer clocks (IUP, S. Madronich,http://cprm.acd.ucar.edu/Models/TUV/ A
ULI) and that of the ULI data logger were recorded on a daily clear sky spectrum for 1 June 2005 was calculated for noon
basis and linearly interpolated after the campaign. After cor-time conditions assuming TUV standard aerosol load and a
rection, synchronisation of clocks was estimated to be withinNASA-TOMS based ozone column of 340 DU. Because no
2s. absolute comparison with measured spectra was intended the
choice of these parameters was considered secondary. To re-
produce the spectral resolutions of the instruments, Gaussian
curves with the experimental FWHM were used to degrade
the simulated high resolution spectrum. Photolysis frequen-
cies were calculated for the reference spectrum and the spec-
3.1.1 Calculation of photolysis frequencies and influencelra With the reduced resolutions using the two methods out-
of FWHM lined above. The ratiog/jet Of the photolysis frequencies
are listed in Tabl@. The results show that fgiNO5) no sig-
For the analysis of all spectroradiometer data, common abnificant deviations 1%) were found. For the other photoly-
sorption cross sections and quantum yields from the literasis frequencies both methods provided similar results within
ture were used assuming a temperature of 298 K. gaat®  £2% of the reference calculation at a FWHM of 1 nm. At
sorption cross sections bylalicet et al.(1995 and O¢D)  a FWHM of 2nm method 1 gave results withiB% of the
quantum yields byatsumi et al (2002 were selected. For reference while method 2 produced slightly improved results
NO, absorption cross sections Merienne et al(1995 and  for j(O'D) (+2%) and slightly poorer results fgi(tHCHO)
quantum yields bylroe (2000 were used and for HCHO ab- (—4%). Overall differences between method 1 and method
sorption cross sections byleller and Moortga(2000 and 2 were minor and no recommendation was made. Consid-
guantum yields recommended Bykinson et al.(2004). ering the FWHM of DM-SR and SM-SR in this work, dif-
Technically photolysis frequencies were obtained by sum-ferences on the order 2% fg(HCHO) were expected due
mation of the productsFyo¢ at the measurement wave- to spectra resolution differences. The results obtained here
lengthsi; and multiplication by the step-siz&A. with method 1 were consistent with previous conclusions by

] Hofzumahaus et a{1999 who used a similar approach.
JA = BxY " Fi(h) oa(k) ¢ (i) Ak (10)

Absorption cross sections were available with higher spec3.1.2 Campaign overview
tral resolutions compared to thé measurements and quan-
tum yields. Two methods were tested to deal with the differ- Figures5 and 6 show an overview ofj(NO,) and j(OD)
ent resolutions. In method 1 data were forced to a commordata obtained during the period 1 June—12 June 2005. FZJ-
wavelength grid witAA=0.1 nm by averaging and linearly =SR2 data were selected for this overview because this in-
interpolatingg and F,, (Hofzumahaus et g11999. Alterna- strument also provided information on the presence and con-
tively (method 2), the experimentalx of 1.0nm (DM-SR) tribution of direct sun. In accordance with the solar irradi-
and 0.83 nm (SM-SR) were used and the molecular data werances shown in Figd, the photolysis frequencies exhibited
averaged over the FWHM of the instruments. strong variability and rapidly changing contributions of di-
To find out if the FWHM or the method of calculation had rect sun. However, compared with the solar irradiances the
an influence on photolysis frequencies, an actinic flux refer-variations caused by clouds were less pronounced in particu-
ence spectrum witth 1 and full width resolution of 0.1nm  lar for j(O'D). The values ofj(NO,) and j(O'D) represent

3 Results and discussion

3.1 Spectroradiometers

Atmos. Chem. Phys., 8, 5373391, 2008 www.atmos-chem-phys.net/8/5373/2008/
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Fig. 5. j(NOp) during the 2005 measurement period. Data were Fig. 6. j(O'D) during the 2005 measurement period. Data were
obtained with FZJ-SR2. Red: totg(NOy), blue: j(NOp) from  obtained with FZJ-SR2. Red: tota(O'D), blue: j(O'D) from
diffuse sky radiation. The differences corresponded to the contribudiffuse sky radiation. The differences corresponded to the contribu-
tions from direct sun. tions from direct sun.

in good approximation the UV-A and UV-B range, respec- times of the instruments, i.e. by the imperfect synchronisa-
tively. Thus, on a relative scale stronger Rayleigh scatteringion of the scanning schemes rather than instrument preci-
and absorption by stratospheric ozone expectedly led to narsions. This scatter appears random, but dependent on condi-
rower diurnal shapes and lower contributions of direct sun fortions (SZA, cloud movement, etc.). In previous comparisons
j(O'D) than for j(NOy). j(HCHO) andj(HCHO), are not  of the instruments FZJ-SR1 and FZJ-SR2 with synchronised
shown here because they exhibit relative diurnal variationsscanning schemes (unpublished results) lower scatter was ob-

between those of Figs.and6. served independent of external conditions confirming this in-
terpretation. Upon averaging the data over longer time pe-
3.1.3 FZJ-SR2 riods (e.g. 30 min) the scatter strongly reduced in the cor-

_ _ relation plots of Fig.7 while the slopes remained virtually
Figure7 compares FZJ-SR2 data with those of the referenCQJnchanged_ However, such averaging made the assignment
instrument. Correlation p|OtS (Ieft) and ratios as a function of SZA less precise and was therefore not imp|emented_
of SZA (right) are plotted. The synchronised data for these Linear regressions of the data in the correlation plots re-
plots were obtained by linear interpolation of the referencesulted in slopes close to unity within 2% for all photolysis
instrument data to the FZJ-SR2 time axis. In this procedurerequencies. In Tabla the corresponding results were listed.
the measurement times for both instruments were defined bBecause scatter was dominated by synchronisation effects
the centres of the integrals in EQ)( Note that for scanning  measurement precisions were not considered in the regres-
Spectroradiometers Wavelength is proportional to time Withinsions_ Exchanging andy gave S|0pes within 0.5% of the
a spectrum. The FZJ-SR2 time axis was selected for interinverse slopes listed in Tab& Thus, neglecting instrument

polation because the reference data had a higher time reserrors in the regressions did not seem to produce any system-
lution. The resulting scatter was mainly caused by the comgtic differences.

bined influences of clouds and the differences in the scanning
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Table 3. Spectroradiometer instrument results overview. Linear regressions (slopes and intercepts) and mean ratios (instrument/reference
reference=FZJ-SR1). For the calculation of mean ratios data were selected where photolysis frequencies were greater than 5% of maximun
values forj(NO,) and j(HCHO), and greater than 10% of maximum values f¢®1D). The errors of the mean ratios are standard
deviations.N = number of data points during the period 1-12 June 2005. Numbers in brackets are exponents to base 10.

j(NOp) j(HCHO) j(HCHOY j(0'D)
instrument N slope intercept/s! slope intercept/s! slope intercept/s! slope intercept/s!
FzZJ-SR? 5281 0992 -9.0(6) 0991 —61(8) 0999 —47(-8 1016 —3.2(-8)
IUP-SRR 1693 1023 -81(-5) 1041 -21(7) 1049 —15(7) 1075 —9.6(-8)
ULI-SRP 5060 0971  1.8(5) 0953  7.48) 0919  6.7(8) 0963  45(7)

DWD-SK° 5975 0.998 1.5¢5) 0969 -1.9(-9) 0968 —1.6(-8)  1.008 —2.8(-8)
FZJ-SR$ 6731 1.004 2.145) 0.959 2.8(8) 0.944 3.4¢9) 0.978 2.0¢8)

Nd ratio ratio ratio ratio
FZJ-SR% 2913-4106 0.9880.035 0.984-0.035 0.99%40.036 1.009-0.038
IUP-SR? 911-1316 0.9860.063 1.016:0.058 1.026-0.059 1.056:0.061
ULI-SRP  3448-4759 0.97#0.023 0.958:0.024 0.92740.024 1.028-0.067
DWD-SR* 3404-4974 1.0080.014 0.973-0.011 0.969-0.011 1.008-0.020
FZJ-SRS 3708-5400 1.0140.013 0.963:-0.009 0.945:0.009 0.985:0.023

@ Reference instrument data interpolated to measurement times

b Instrument data interpolated to reference measurement times

¢ Averaged data over reference instrument scanning intervals

d Minimum N corresponds tg(O1D), maximumn corresponds tg(NO5)

The plots on the right hand side of Fig.indicated that increased. Linear regressions yielded slopes close to unity
the ratios of the photolysis frequencies were independent ofvith deviations between 2% fgi{NO,) and 8% for;(OD)
SZA. In contrast to the correlation plots this representation(Table3). The mean ratios of the photolysis frequencies in
equally weights all data independent of the photolysis fre-Table 3 reflect corresponding agreements in reasonable ac-
quency values. Any systematic deviation towards large SZAcordance with the regression slopes within error limits. How-
would be apparent in these plots. In TaBlmean ratios and  ever, the fact that there is a 4% difference between the regres-
standard deviations are listed for the different photolysis fre-sion slope and the mean ratio fp(NO-) indicates a slight
guencies as an alternative measure for the agreement of then-linearity probably caused by the imperfections of the
instruments. For these calculations data were selected wheteflon receiver of IUP-SR. Moreover, because the same irra-
photolysis frequencies are greater than 5% of the maximundiance standard was used for calibration of IUP-SR and FZJ-
values forj(NOy) and j(HCHO), and greater than 10% of SR1, also the systematic deviations from unity were most
maximum values forj(O'D). These limits were chosen be- likely caused by these imperfections.
cause they seemed applicable for all instruments discussed The plots of the ratios of photolysis frequencies in Hg.
in the following. In Fig.7 the corresponding data points are indicate slight dependencies on SZA with minima close to
color-coded. The mean ratios were in agreement with the60°. Qualitatively this behaviour is explained by the prop-
slopes from the linear regressions within 1%. The standarcerties of the teflon receiver of IUP-SR. At SZ&0° the ap-
deviations of the mean ratios mainly reflect the magnitude ofplied correction factor and, compensated each other, i.e.
the scatter produced by the synchronisation effects. Overallp/Zy~1. Thus direct sun was treated correctly at this SZA
the agreement of FZJ-SR2 and FZJ-SR1 was within the estiwhile at smaller SZA the correction overcompensated the im-
mated uncertainties regarding the optical receiver propertieperfections of the receiver for direct sun. Occasionally this

(~2%). led to greater values at smaller SZA. Under overcast con-
ditions the correction factor Zfy of 1.52 based on the as-
3.1.4 IUP-SR sumption of an isotropic radiance distribution may be too

great by about 6% if empirical distributions of sky radiance

Figure8 shows a comparison of IUP-SR and reference datdnder overcast conditions are taken into acco@ma(t and
in the same representations as Fig.Synchronisation was Heisler 1997. Overall, given the uncertainties of the correc-

made by interpolation of the reference instrument data to théi®"S @ccounting for the deficiencies of the optical receiver
IUP-SR measurement times. Caused by the increased scal1¢ 8greement was satisfactory.
ning times of IUP-SR (6 min) the resulting scatter is strongly
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SR1 and FZJ-SR2 during the period 1-12 June 20055281).
Data of FZJ-SR1 were interpolated to the measurement times of I(FZ3-SR1) /107 5™ SZAl deg

FZJ-SR2. Full lines show linear regressions (TaBle Dashed ) ] ) )

black lines indicate the 1:1 relationships. Right: Ratios of pho- F19 8. Left: Correlation plots of photolysis frequencies from FZJ-
tolysis frequencies as a function of solar zenith angles. Red dat&R1 and IUP-SR during the period 2-12 June 20051693). Data
points indicate values below 5% of maximum values f6KO,) of FZJ-SR1 were interpolated to the measurement times of IUP-SR.

and j(HCHO), and below 10% of maximum values fpO!D). See Fig.7 for more details.

lamps strongly decreased. These problems were accounted

3.1.5 ULI-SR for by the greater error estimate for ULI-SR in the UV-B
range (9%) which covers the remaining about 6% difference.
The comparison of ULI-SR with FZJ-SR1 is shown in Fg. For j(O'D) there were significant deviations of about 15%

The scatter is small because the ULI-SR data were higheat SZA~60° and 30% at SZA70° which further increased
resolved (1 min averages) and were linearly interpolated taowards larger SZA. Similar positive deviations were recog-
the measurement times of the reference instrument. In Tanised for the other photolysis frequencies albeit at SZA ex-
ble 3 the results of the data analysis are summarised. Foceeding 99 which was considered irrelevant. The reason for
j(NO») agreement of ULI-SR with the reference was within these deviations probably was insufficient background and/or
3%. Because calibration was made with a different irradi- stray-light subtraction under the atmospheric measurement
ance standard this result is well within the accuracy esti-conditions. Background was determined in a range 285—
mates of both instruments. For the HCHO photolysis fre-290 nm where no atmospheric radiation is expected. If stray-
quencies the agreement was slightly poorer with deviationdight and/or additional background (cross-talk) increased in
of about—5% and—8% for j(HCHO)y, and j(HCHOY, re- the range between 290 nm and the actual atmospheric cutoff
spectively. These differences were independent of SZA andvavelength this led to an overestimation of radiation in this
partly (~2%) explainable by the greater FWHM of ULI- range. At larger SZA thg(O!D) response to these overes-
SR (see SecB.1.]). The remaining differences mainly for timations was extremely sensitive. However, the deviations
J(HCHO), were explained by the limited accuracy of the sen- were hardly visible in the correlation plots in F@gbecause
sitivity of the instrument in the UV where both the sensitivity they affected times of the day whej¢O'D) was small. De-

of the photodiode arrays and the irradiance of the standardiations exceeding 20% were only observed(@!D) below
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Fig. 9. Left: Correlation plots of photolysis frequencies from FZJ-

SR1 and ULI-SR during the period 1-12 June 20855960). Data  Fig. 10. Left: Correlation plots of photolysis frequencies from FZJ-

of ULI-SR were interpolated to the measurement times of FZJ-SR1SR1 and DWD-SR during the period 1-12 June 2085%975).

See Fig7 for more details. Data of DWD-SR were averaged over the scanning periods of FZJ-
SR1. See Figr for more details.

about 3<10-%s~1 corresponding to about 10% of the maxi-
mum values. Photochemically the impact of these deviations

is probably minor. further diminishing the cloud effects. Corresponding agree-
ment was found for the other photolysis frequencies with a
3.1.6 DWD-SR maximum negative 3—-4% deviation fgfHCHO),. As ex-

plained above this was partly attributed to the lower spectral

Figure 10 shows a comparison of DWD-SR and reference fesolution.

instrument data. Synchronisation was made by averaging The plots of the ratios as a function of SZA reveal sys-
the DWD-SR data (12 s time resolution) over the respectivetematic negative deviations towards large SZA mainly for
scanning intervals of the reference instrument. FO>) j(O'D). The sporadic deviations at smaller SZA also cor-
averaging windows of 45s were used corresponding to aespond to low values of photolysis frequencies as indi-
wavelength range of about 335—-410 nm covering the majoicated by the colors in Figl0. The behaviour is opposite
fraction of the NQ photolysis spectral range. For the other to that of ULI-SR and is explained by the different method
photolysis frequencies 25s averaging windows were usedof background subtraction. A minimum gradient was de-
As a result of the averaging the scatter decreased further ifined to locate the onset wavelength of atmospheric radiation
comparison to the other SR discussed so far. In T&ble (Sect.2.2). This led to an underestimation of spectral ac-
the results of the data analysis were summarised. Regardiic flux at lower wavelengths. Nevertheless the approach
ing j(NOy) the result was again excellent with an agreementwas justified because apart from the direction, the deviations
within 1% although a third irradiance standard was used forwere smaller compared to the overestimations resulting from
calibration by DWD. The smaller standard deviation of the constant background subtraction. Deviations exceeding 20%
ratios reflects the higher time resolution of the measurementsvere only observed gt(O'D) below about k10-%s~1 cor-
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responding to about 3% of maximum values.

It should be noted that the selected minimum gradient was -
based on the current intercomparison, i.e. the data shown in
Fig. 10 were the result of an iterative improvement. This
method of background determination is therefore dependent
on at least one comparison with a reference instrument to = ot ‘ ‘
allow this optimisation. On the other hand, the magnitude of 0 4 812
the gradient in a wide range only affect¢(O'D) at large iFz-sRy) 1107
SZA and hardly influenced the regression results in Table
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Figure11 depicts the FZJ-SR3 and the reference instrument L
data. Synchronisation was made by averaging FZJ-SR3 data o 1 2 3 45
with ~8 s time resolution over the scanning periods of the I(FZ)-SR1) /107
reference instrument using the same averaging windows as o
for DWD-SR. The method of background subtraction was
similar to that used for DWD-SR but the minimum gradi-
ent applied in the data analysis was smaller because the raw
signals of the instrument were lower. Nevertheless, with the ‘ ‘ ‘
selected gradient(O'D) measurements were feasible up to ot 2z 3 4
SZAAS0. j(FZ3-SR1)/10°s™

The overall performance of FZJ-SR3 was comparable with | |
DWD-SR. Forj(NOy), agreement within 1% was obtained.
Slightly larger deviations of the regression slopes and mean
ratios of —4% and—6% were obtained foj (HCHO)y, and
j(HCHOY), respectively. Although the differences were
within the estimated accuracy for the spectral sensitivity
measurements under laboratory conditions, the results hint
tSO,\\I/IV_aSr%S Se%iﬁzreala?lrogll\j-rgIgege?(rhdiIt?i?e(tjhesircnaillfrractjlg\?ia?ifotr?se':ig' 11. Left: Correlatiop plots ofph.otolysisfrequencies from FZJ-

. . SR1 and FZJ-SR3 during the period 1-12 June 20056(31).

for the j(HCHO). Becausej(HCHO) was affected mo.re Data of FZJ-SR3 were averaged over the scanning periods of FZJ-
strongly thanj(HCHO)y, and j(NO,) was unaffected, dif- gRrj gee Fig? for more details.
ferences seemed to increase with decreasing wavelength. For
j(O'D) this trend may have been compensated or even over-
compensated by the background subtraction problems. A ) ,
review of the calibration procedure and further tests coulg@3@inst the reference data for the second campaign period 7—

clarify the cause of these systematic effects. This may alsd-2 June. All instruments show very good linearity which is
help to improve the performance fg(O'D) measurements also reflected in the plots of the ratios as a function of SZA
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at large SZA. in Fig. 13. For the first campaign period where the opposite
sides of the 4r srinstruments were operative the figures look

32 Filter radiometers very similar. The data are therefore not plotted separately.
Calibration factors for this period, mean ratios and standard

3.2.1 j(NOy)-FR deviations of the ratios can also be found in Tablé&or the

calculation of all ratios data were considered wh¢NO>)
The j(NO)-FR measurements provided continuous, highly Was greater tha}n 5% of max.imum values which is consistent
time resolved (5s) analogue voltage data. Background voltWith the analysis for the SR in Tabg
ages were determined during the night at S2%° and then A single calibration factor was sufficient to convert the
averaged and subtracted. Except for ULI-FR1 (1 min aver-background corrected output voltages (dlO>). Except for
ages) where interpolations were used, synchronisations withCL-FR a slight~5% increase of the ratios with SZA was
the referencg (NO,) data were made by averaging over the observed. This behaviour is explained by a non-ideal match-
SR scanning periods using 45s windows. Calibration fac-ing of the instrument spectral sensitivities with the product
tors were obtained by linear regressions which were forcedf o¢ for NO, photolysis. The spectral sensitivities of FZJ-
through the origins. These factors are listed in Tabldn FR1 and FZJ-FR2 were determined in the laboratory and the
Fig. 12 the corresponding photolysis frequencies are plottedmagnitude and direction of the deviations were reproducible
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Table 4. j(NO»)-FR results overview. Calibration factors from linear regressions of this work, previous calibration factors, and mean
ratios of j(NOy) (instrument/reference) after application of the calibration factors. Error limits of mean ratios correspendtemdard
deviations. For the ratios data were considered whé¥®,) was greater than 5% of maximum values.

calibration factor /fos~1 v—1 ratio
this work (2005)  previous (year)

instrument #  calibration period

47 srinstruments

ICL-FR 012 1-6 June 1.91 1.96 1.003:0.030
010 7-12 June 1.87 1.97 1.000Q£0.033
PSI-FR 401 1-6 June 1.02 1ta 1.009:0.020
402 7-12 June 1.08 183 1.008£0.021
DWD-FR1 511 1-6 June 1.37 1.31(2001)  1.8D1027
501 7-12 June 1.01 1.03 (2004)  1.641022
FZJ-FR1L 614 1-6 June 1.55 1.54 (2002) 180925
615 7-12 June 1.34 1.32(2002)  1.64M024
FZJ-FR2 616 1-6 June 1.34 1.26 (2002) 100927
617 7-12 June 1.47 1.43(2002)  1.8AM022

27 srinstruments
MET-FR 739 1-12 June 2.27 2.32(2001)  1.8@0022
1-6 June 2.28 1.040.023
7-12 June 2.26 1.089.021
UCR-FR1 741 1-12 June 1.68 1.69 (2004) 180919
1-6 June 1.69 1.0870.019
7-12 June 1.67 1.089.020
ULI-FR1  n/a 1-12 June 467 459 (2002)  1.811030
1-6 June 4.70 1.010.026
7-12 June 4.63 1.030.032
MPIC-FR1 408 9-12 June 5.79 5.64 (2004) 1801024
MPIC-FR2 686 9-12 June 5.07 5.12 (2004) 1803025

@10-15 year old calibration based on a comparison with a reference FR calibrated against a chemical actinometer.
b The date of the calibration is unknown. Previously applied factors were greater by a factor of two to account for the use of a voltage divider.

with the reference instrument spectra of this work. The reading stable calibration factors over several years. The previ-
son that ICL-FR showed the opposite behaviour remains uneus ICL-FR calibration was obtained from a comparison with
clear. It may contain a different filter combination. The small a reference FR calibrated with a chemical actinometer. Al-
deviations towards larger SZA could be compensated usinghough these calibrations date back 10-15 years, the factors
polynomial calibration fits rather than single factors. How- are still within a 5-8% range of the 2005 values confirm-
ever, the possible improvements were considered minor.  ing the long-term stability of the instrument. Nevertheless,
Three 27 sr instruments (ULI-FR1, UCR-FR1, MET-FR) regular checks of calibration factors are recommended. If no
were operated during the whole campaign. If the results ofspectroradiometer reference is available a calibratii®,)-
the first period (1-6 June) and the second period (7—12 JundjR can be used as a secondary reference. Consistency checks
are compared, a drift of about 1% towards smaller calibra-can also be made withAsr instruments by repeatedly rotat-
tion factors was consistently found for all three instruments.ing the instrument under stable atmospheric conditions or by
This drift was attributed to the reference instrument but con-comparison with radiation transfer model results under clear
sidered insignificant within error limits. sky conditions. However, model calculations should not be
A comparison with previous calibration factors showed considered as an absolute reference because of uncertainties
good stability for most instruments. Except for ICL-FR, PSI- regarding aerosol loads. Examples of the influence of air pol-
FR and ULI-FR the previous calibration factors were basedlution on j(NO) can be found elsewhere (e.ghielmann
on similar comparisons with FZJ-SR1 or FZJ-SR2 indicat- €t al, 2002 Hodzic et al, 2007).
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Fig. 12. Correlation plots ofi(NO2) photolysis frequencies from  Fig. 13. Ratios of j(NO,) photolysis frequencies as a function

FZJ-SR1 andj(NO)-FR during the period 7-12 June 2005. Full of solar zenith angle during the period 7-12 June 2005. Red data
lines correspond to 1:1 relationships after application of the calibrapoints indicate values below 5% of maximum values.
tion factors from Tableh.

voltages for thej (O1D) measurement times were circulated.
322 j(O'D)-FR Ozone columns were taken from NASA/GSFC TOM&g:
/ltoms.gsfc.nasa.gowvhere daily data from the Earth-Probe

The j(O'D)-FR measurements also provide continuous,satellite were available in June 2005.
highly time resolved analogue voltage data. Background From the;j(O'D)-FR data provided by the participants and
voltages were determined during the night at $28° and  the j(O'D) reference data, linear regressions were performed
then averaged and subtracted. With the exception of ULI-which resulted in scaling factors to update previous calibra-
FR2 (1 min averages) synchronisations with the referencdion factors. These scaling factors varied in the range 0.98—
j(O'D) data were made by averaging over the referencel.23 and are listed in Tabe Correlation plots and plots
scanning periods using 25 s windows. of the resulting ratios as a function of SZA can be found in

j(O'D)-FR data analysis is more complex because therd-igs. 14 and 15. Table5 also lists the meari(O'D) ratios
is normally no linear relationship betwegOD) and out-  and the & standard deviations. As for the spectroradiome-
put voltages. The reason for this non-linearity is the strongt€rs in these calculations only data were taken into account
variability of the solar spectrum in the UV-B range as a When,(O'D)was greater than 10% of maximum values. The
function of ozone column and SZA combined with non- respective data points are color-coded in Efy.Scaling fac-
ideal spectral responses of the instruments. To compentors are reported here instead of calibration factors to avoid
sate for this, output signals were multiplied by instrument- confusion with the calibration factors in Tabdewhich di-
specific correction functions considering ozone column andectly convert output voltages to(NO2). Combinations of
SZA prior to conversion tg(O'D) with an adjustable cal- calibration factors and correction functions are necessary to
ibration factor. These calculations were made by the parObtainj(O'D) but details of the correction functions applied
ticipants using their usual routines after common data set®Y the participants are complex and will not be discussed in
containing ozone columns, SZA and averaged instrumenthis work.

www.atmos-chem-phys.net/8/5373/2008/ Atmos. Chem. Phys., 8, 53932008


http://toms.gsfc.nasa.gov/
http://toms.gsfc.nasa.gov/

5388 B. Bohn et al.: ACCENT photolysis frequencies

Table 5. j(OlD)-FR results overview. Scaling factors from linear regressions of this work updating old calibration factors and mean ratios
of j(O'D) (instrument/reference) after application of the scaling factors. Error limits of mean ratios correspenstémdard deviations.
For the ratios data were considered whg@®!D) was greater than 10% of maximum values.

Instrument  #  calibration period scaling factor ratio
this work / old (year)
UCR-FR2 102 1-12 June 1.230 (2003) 0.912047
FZJ-FR3 110 1-12 June 1.163 (2003) 0.293027
ULE-FR 111 1-12 June 0.985 (2002) 0.9921026
FZJ-FR4 119 1-12 June 1.169 (2003) 1608037
DWD-FR2 120 1-12 June 0.994 (2004) 1.6@6041
DWD-FR3 126 1-12 June 1.015 (2004) 0.99x024
ULI-FR2 n/a 1-12 June 1.225 (2002) 1.66m.089
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Fig. 15. Ratios of j(OD) photolysis frequencies as a function
Fig. 14. Correlation plots ofj(OlD) photolysis frequencies from  of solar zenith angle during the period 1-12 June 2005. Red data
FZJ-SR1 andj(O'D)-FR during the period 1-12 June 2005. Full points indicate values below 10% of maximum values.
lines correspond to 1:1 relationships after application of the scaling

factors fi Tablé. . . .
aclorsfrom fa ical background of this approach was described elsewhere

(Bohn et al, 2004). Most participants use parameterisations

Compared with thej(NO2)-FR the performance of the for the correction functions which were purchased with the
j(O'D)-FR is poorer. Scatter towards large SZA is greateri"Struments. However, regardigdO’D) there were signif-

and for some instruments significant systematic deviationdCant changes in the recommendations since 18tgumi
are evident at SZA greater than°60Nevertheless, differ- €t al. 2002 Hofzumahaus et 3l2004. Consequently, older
ences are acceptable at smaller SZA or gig¢!D). Sys- correction functions may have been outdated and improved

tematic deviations at large SZA are attributed to inadequat&®rrections could not be calculated because the current spec-

correction functions with regard to ozone column and sz tral sensitivities of the instruments were unknown. Overall
These functions were derived in the past from the spectraPased on the Intercqmpar|§on alone no improvement of the
sensitivities of the instruments, simulated actinic flux spec-COrrection functions is feasible.

tra and the molecular data(O3) and$(O'D). The theoret-
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The deviations of the scaling factors from unity for some remain a useful means to characterise the instruments and
instruments indicate drifts of the calibration factors. This to optimise methods of background subtraction. Within the
could be caused by an aging of the PMTs used for radiaACCENT project a further intercomparison is planned with
tion detection. Calibrations should therefore be made on daifferent types of CCD array and diode array based SM-SR.
regular basis or before and after field campaigns to trace any j(NO2)-FR are reliable instruments fgNO2) measure-
drifts. Alternatively irradiance standards can be used to monments with a high degree of linearity and good detection limit
itor drifts on a relative scale between successive calibrationsallowing measurements until sunset or even beyond. In this
This method has already been used in a long-term study omwork no indication for stronger drifts of calibration factors
the relationship betweep(O'D) and OH radical concentra- was found.
tions (Rohrer and Berresheir2006. However, after techni- j(O'D)-FR also provide a useful alternative for spectro-
cal problems, e.g. water penetration or replacement of optiradiometer measurements. However, data analysis is rather
cal components, calibrations against a reference are essentiedmplex and calibration factors seemed to be subject to con-
to obtain new calibrations factors and to check the validity siderable drifts illustrating the need for regular calibration
of the correction functions. Irradiance standards can also behecks. In addition stronger deviations towards larger SZA
used for absolute calibrations ¢{O'D)-FR if the relative  clearly indicate the need for updated characterisations of the
spectral sensitivities are knowBghn et al, 2004 but this  instruments and calculation of consistent correction func-
approach was not considered here because the data were rt@ns. During the ACCENT project a number of thgd'D)-
available. Finally,j(O'D)-FR data should be corrected for FR addressed in this work were modified. New interference
the significant temperature dependence (@'D) for which filters were inserted and spectral characterisations were made
parameterisations were derivaBiohn et al, 2004. For the  which led to significant improvements. Upon completion
current work no such correction was necessary. these activities will be described in a separate paper.

The conclusions of the present work are in general agree-

ment with a previous extensive study on photolysis frequency
4 Conclusions measurements and modelling, namely IPMNBla(s et al,

2003 Cantrell et al.2003 Shetter et a) 2003 Hofzumahaus
The DM-SR used in this work showed good agree-et al, 2004. In these studies also slightly better agreement
ment within estimated instrumental uncertaintie®% for ~ was obtained forj(NO,) than for j(O'D) in particular to-
J(NO2)). Somewhat larger discrepancies for one instrumentwards larger SZA. However, besides radiative transfer mod-
were explained by a suboptimal optical teflon receiver. Forels also chemical actinometers were employed as absolute
future applications this instrument will be equipped with a re- references during IPMMI. The choice of molecular data used
ceiver with improved angular response properties. The majoin this work is based on the IPMMI based recommendations
drawback of the DM-SR is the long scanning time with se- consistent with previous comparisons of spectroradiometers
guential recording of spectra producing measurement uncefand chemical actinometers (eMuller et al, 1995 Kraus
tainties under variable atmospheric conditions. On the otheet al, 2000. Thus it is expected that the data of this work are
hand the technique is essential as a reference for accurate abdth accurate within about 5-10% and consistent because the

sensitive measurements in the UV-B. data analyses were based on the same molecular data. How-
For the diode array based SM-SR agreement with the DM-ever, this may not apply fof(HCHO) where greater uncer-
SR reference was good fg{NO,) and j(HCHO) with mi- tainties still exist in particular for the quantum yields of the

nor (<8%) systematic deviations fgHCHO). The SM-SR  molecular and radical reaction channels.

suffered from sensitivities decreasing with wavelength in the o _
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dard for photolysis frequency measurements because of un-

deniable advantages regarding time resolution, stability and

weight. However, comparisons with DM-SR references will
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